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The Colorado potato beetle, Leptinotarsa decemlineata (Coleoptera: Chrysomelidae) is
one of the most destructive pests of the cultivated potato, Solanum tuberosum. Colorado potato
beetles have been devastating potato crops for the past 150 years and have expanded their range
during that time, becoming a globally distributed agricultural pest. Potato beetles are well-suited
to agricultural environments and have evolved some degree of resistance to virtually all chemical
insecticides. As such, the development of novel control methods to both control potato beetle
populations and manage the evolution of insecticide resistance are in constant demand.
The knockdown of gene functioning through ribonucleic acid interference (RNAi) has
been demonstrated in Colorado potato beetles, suggesting the use of this technology as a means
of beetle management. A novel double-stranded RNA (dsRNA) based insecticide (ledprona) has
been developed for the control of Colorado potato beetle populations. The lethal and
consumptive effects of ledprona have been tested in variable dose laboratory bioassays, followed
by field studies. Exposure to ledprona resulted in both increased beetle mortality and decreased
foliage consumption in all four instars and adult beetles. Effects decreased from earlier to later

life stages. No ovicidal activity was detected. Onset of mortality was slower compared to the
existing chemical insecticides.
Exposure to sublethal concentrations of ledprona on fourth instar potato beetles resulted
in a lowered amount of successful pupation. Sublethal exposure of adults significantly reduced
their mobility and propensity to walk after seven days and significantly decreased beetle fertility.
Regarding reproduction, sublethal exposure has a stronger effect on females that was more
pronounced when exposed before reaching sexual maturity. Additionally, exposure to a low
concentration of dsRNA-GFP had significant, negative effects on reproduction.
Geographically distinct potato beetle populations are known to vary in their response to
insecticides, including experimental compounds based on RNAi. We tested mortality and foliage
consumption of beetles from different US populations treated with ledprona. We also tested the
same parameters in the beetles from the same population but treated with ledprona diluted in
water obtained from different populations in the US. There was slight but significant variation in
the consumptive and lethal effects of ledprona among geographically distinct populations. Potato
beetles collected from upstate New York exhibited significantly higher tolerance to ledprona
than beetles from the other tested populations. The lethal effects of ledprona slightly varied when
diluted in different water samples but there was little evidence that water chemistry affected
foliage consumption.
Overall, the results of this body of work demonstrated that while ledprona’s efficacy is
influenced by geographical variation, it has the ability to become a useful tool in controlling
Colorado potato beetle populations and is likely to be a good fit in integrated pest management
protocols because of its lethal and sublethal effects.
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CHAPTER 1
DOUBLE STRANDED RNA AS A POTENTIAL TOOL FOR COLORADO
POTATO BEETLE MANAGEMENT
Human Reliance on the Potato
Solanum tuberosum L., the cultivated potato, is grown and consumed globally and is
preceded by only rice, wheat, and corn in their global importance as food crops (Camire et al.
2009, FAO 2019). In Western diets, the potato is often maligned as a cause of weight gain and an
increased risk in developing weight-related diseases (King and Slavin 2013). However, the
potato is still a nutrient dense food that has been shown to lower the risk of cardiovascular
disease and has some cholesterol-lowering properties (Camire et al. 2009). The antioxidative
properties of potato phytochemicals, especially those contained within the peel (Samarin et al.
2012), have also been linked to reduced inflammation, and a lowered risk of cancer and diabetes.
More studies are required to assess the relationship between the activity of these phytochemicals
and their reported effects (Camire et al. 2009).
Solanum tuberosum is an essential staple in the diet of developing countries, especially
those in Asia where potato production has been increasing by six percent annually, while
production in developed countries has decreased by 30 million metric tons in the past few
decades (Razdan 2005, Camire et al. 2009). The potato is especially important to developing
countries because of its excellent yield per unit area, high caloric value, relatively high amount
of carbohydrates and proteins when compared to other staple food crops, and its vitamin and
mineral content (Razdan 2005, Camire et al. 2009). Despite its high glycemic index (measure of
the effect carbohydrate-laden foods have on blood sugar levels), the potato is integral in staving
off malnutrition in the 160 countries where it is cultivated (Camire et al. 2009, USDA 2019).
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Therefore, decreases in the yield or the nutrient content of potato tubers caused by pest damage
can have serious effects on food security and human nutrition.
The Colorado Potato Beetle
The Colorado potato beetle, Leptinotarsa decemlineata (Say), is a member of the leaf
beetle family (Coleoptera: Chrysomelidae) and is native to the American Southwest and Mexico.
Since its first description by Thomas Say in 1824, the beetle’s range has expanded, and it has
become a global agricultural pest. The potato was originally introduced to the United States
along the eastern seaboard. The crop was spread west as settlers made their way across the
country in the early 1800s. Its range expansion was soon followed by the host-dependent
Colorado potato beetle (Casagrande 1987). Concurrently, both the Colorado potato beetle and its
native host buffalo bur were spread into the Southwestern United States from Northern Mexico
by Spanish caravans (Neck 1983). Outbreaks of L. decemlineata began to devastate potato crops
as early as 1811 (Weber 2003), and it is widely accepted that this species had established itself as
a major pest throughout the US and Canada by 1880. Casagrande (1987) suggested that this
species had an especially devastating effect on crop yields in its first few years as a pest of the
potato. This resulted in the abandonment of the crop by many farmers and a several-fold increase
in the cost of potatoes in the 1800s. Furthermore, the beetle is thought to have established
populations in France by 1922 (Alyokhin et al. 2008a) and spread throughout the rest of Europe,
working its way into and through Asia (Weber 2003).
Life History
The Colorado potato beetle is well-suited to agricultural environments given its complex
life history. As summarized by Alyokhin et al. (2008), the facultative diapause, feeding, and
reproduction of this insect are linked with its dispersal, allowing the adults to gain benefits from
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a “bet-hedging” reproductive strategy. This allows adults to allocate offspring in several distinct
areas throughout several years. L. decemlineata adults have been shown to adapt to more
extreme environments by changing their diapause patterns (Biever and Chauvin 1990). Biever
and Chauvin (1990) demonstrated that a population of Colorado potato beetles from the
northwestern United States were able to enter a prolonged diapause (dormancy exceeding a
single year). While their study was unable to elucidate the physiological trigger for this
prolonged diapause, it is likely that the behavior emerged as a means to adapt to the prophylactic
treatment of the host potatoes with insecticides. Additionally, the ability of the Colorado potato
beetle to repeat or prolong diapause may attribute to the success of the L. decemlineata as an
agricultural pest (Alyokhin et al. 2012).
Diapause in Colorado potato beetles is triggered by a short-day photoperiod; however,
the photoperiodic response of the adult beetles is significantly affected by the ambient
temperature and the quality of food. A decrease in either or both of these factors increases the
probability that an individual will enter diapause (De Kort 1990). Furthermore, the length of the
photoperiod required to trigger diapause varies regionally within the United States (Alyokhin et
al. 2012).
After diapause, the overwintered beetles emerge from the soil to find a suitable host
plant. L. decemlineata are relatively host-specific, feeding on plants in the nightshade family,
Solanaceae, including their native host plant buffalo bur (Solanum rostratum), potato (Solanum
tuberosum), eggplant (Solanum melongena), and tomato (Solanum lycopersicum) (Alyokhin et
al. 2008a). Once the beetles have found a suitable host plant, they begin voraciously consuming
the vegetative structures at a rate of 10 cm2 per day at the optimum temperature of 28°C (Ferro et
al. 1985).
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The adult beetles locomote via walking, but are capable of flight if a suitable food source
is not found relatively quickly (Weber 2003). Adult beetles have been shown to fly short
distances within fields, longer distances between fields, and out of fields entirely preceding
diapause (Voss and Ferro 1990). While capable of longer flights, especially when assisted by
favorable wind, the adult beetles have been shown to disperse an approximate maximum distance
of 0.65 kilometers in any direction when released from a central point within an agricultural
landscape (Follett et al. 1996). The same study by Follett et al. (1996) demonstrated that both
streams and dense winter cover crops such as wheat, rye, and grass/clover served as effective
barriers to Colorado potato beetle dispersion via walking. Despite their general mobility, many
adult L. decemlineata choose to stay close to their site of eclosion after emerging from their
pupae, where they complete maturation and begin mating (Alyokhin and Ferro 1999).
The mating system in Colorado potato beetles favors promiscuity, wherein a single
female mate with multiple males, effectively increasing the genetic variability of the offspring
(Alyokhin and Ferro 1999a). This is likely associated with locomotion, as both males and
females continue flying after a successful copulation (Alyokhin and Ferro 1999). It is
hypothesized that females continue to fly after mating to search for additional egg-deposition
sites, while males increase flight activity to locate additional mates and increase their fitness.
Furthermore, Alyokhin and Ferro (1999a) provide evidence that Colorado potato beetles exhibit
incomplete sperm dominance wherein approximately 72% of larvae are fertilized by the second
male to mate with the female. After mating and accruing 51 degree days since eclosion, an eggladen female beetle oviposits clutches of 20-60 eggs on the undersides of leaves. A single female
is capable of producing hundreds of eggs each generation (Weber 2003). Upon hatching, the
larvae begin to consume the host plant upon which the eggs were laid. Larvae consume roughly
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40 cm2 of foliage before the fourth and final instar buries itself below the plant, pupates, and
emerges ten to twenty days later depending on how quickly degree days can be accumulated
(Weber 2003).
Control Methods
Colorado potato beetles have been devastating potato yields for more than 150 years and
several strategies have been tested and employed to control populations of the beetles. Before the
widespread use of insecticides, simpler control methods were suggested by farmers in the late
1800s. These methods included cultural control methods such as handpicking the beetles off
plants or crushing them with large forceps, planting varieties of potato that are less desirable or
using the more desirable cultivars to lure and kill the beetles, isolating fields from one another,
crop rotation, and biocontrol by generalist natural enemies (Casagrande 1987). These cultural
and biological control methods of reducing populations of Colorado potato beetles require both
intensive and repeated monitoring of fields for L. decemlineata population size and structure.
This population monitoring would likely become less feasible and much more expensive as field
size increases. While pest populations must be monitored when applying chemical insecticides,
there are often more variables introduced by cultural and biocontrol methods such as biocontrol
agent population dynamics, physical and temporal separation between rotated fields, and
dispersal barriers between rotated fields.
The discovery of Paris green’s insecticidal properties remedied these concerns as both
Paris green and the similarly effective lead arsenate were easily obtainable by farmers. These
insecticides were extraordinarily effective at managing populations of L. decemlineata by simply
dusting their crops (Casagrande 1987). With the advent of DDT and its widespread
implementation by farmers in the 1940s, arsenics were replaced by the organochlorine
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compound. DDT was also able to control populations of all potato pests except the potato aphid
(Sylvester 1949, Casagrande 1987). While DDT initially seemed to be an ideal insecticide for
protecting potato crops, within a couple dozen generations, populations of Colorado potato
beetles had developed a resistance to DDT on farms all along the Eastern United States and into
Alberta, Canada (Casagrande 1987). The resistance of L. decemlineata to DDT presented a
dangerous problem that threatened the potato industry and is likely why the Colorado potato
beetle was instrumental in creating the modern insecticide industry (Alyokhin et al. 2008a).
The modern pesticide industry has ultimately resulted in the widespread use of pesticides
to increase agricultural yields. However, the effects of pesticides are seldom limited to the
intended target organism. Many pesticides have many detrimental effects on human health when
we come in contact with the compounds (Kim et al. 2017). While it is important to understand
how humans are affected by these control methods to prevent the development of diseases like
cancer, leukemia, and asthma, it is also essential to understand the environmental effects of
pesticides. Pesticide applications have profound affects across taxa. Pesticide residues have been
shown to increase mortality in vertebrates, invertebrates, plants, and fungi through numerous
mechanisms (Köhler and Triebskorn 2013). These mechanisms include, but are not limited to
endocrine disruption, altered metabolism, neurotoxicity, and photosynthesis impairment as
summarized by Köhler and Triebskorn (2013). Additionally, these affects are not limited to
individuals, but have lasting effects that alter population and community structure. Furthermore,
the residues from agrochemical pesticides have been shown to linger and build up in soils and
disperse widely through the environment, especially in aquatic systems (Carvalho et al. 2003).
Benthic organisms are especially vulnerable to agrochemicals that settle in sediment and high
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concentrations of these pesticides can have lethal and sublethal toxic effects on plankton, shrimp,
fish, and molluscs as demonstrated by Carvalho et al. (2003).
More specifically, the herbicides metribuzan and linuron as well as the fungicide
flazinam, which are used in the cultivation of potatoes, have been shown to detrimentally affect
the enzyme activity of soil microbes (Niemi et al. 2009). Many conventional agrochemical
pesticides have long-term, detrimental effects across taxa, resulting in an overall decrease in
environmental health. The lingering residues of these compounds extend the length of time over
which these negative effects can be observed. Without highly specialized pesticides whose
effects are target-specific, the health of the environments linked to agricultural sites is bound to
steadily decrease.
Insecticide Resistance
The inefficacy of DDT’s ability to control the newly resistant populations of Colorado
potato beetles in the early 1950s led to the creation and application of new insecticides.
Alarmingly, the beetles have also developed resistance to each novel insecticide that followed
DDT (Forgash 1985, Casagrande 1987). The Colorado potato beetle is adept in its ability to
evolve resistances to pesticides for numerous reasons, especially since many growers fail to
employ cultural control methods and rely entirely on repeated applications of insecticides
(Casagrande 1987). Growers are first and foremost concerned with maximizing yield and
minimizing the associated cost, and this can result in forgoing cultural alternatives to chemical
insecticides. This creates an environment wherein insecticide resistance can develop as the
predominating selective pressure imposed on the pests is that provided by chemical insecticides.
Developing resistance to DDT, or any of its replacements, is energetically expensive, but
resistant individuals will be paid dividends in increased fitness. However, if cultural control
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methods are also employed, the selective pressures on the population are more complex than the
single strong pressure presented by increasing the concentration of a single chemical insecticide
(Casagrande 1987). Furthermore, numerous aspects of Colorado potato beetle behavior and
ecology help explain their adaptability to the suite of insecticides to which they have been
exposed, especially the long-standing evolutionary arms race between the toxins produced by the
Solanaceae host plants and the ability of Colorado potato beetles to handle the toxic
glycoalkaloids (Alyokhin et al. 2008a).
The Colorado potato beetle is thought to have experienced a reduction in genetic
diversity after being introduced to Europe and spreading through Asia as the introduced
populations have much less genetic variability than native populations in the United States
(Grapputo et al. 2005). This founder effect and constriction of genetic variability has had an
inconsequential impact on population structure and gene flow as these metrics are similar in both
the introduced Eurasian populations and the native US populations (Weber 2003, Grapputo et al.
2005). This relatively high genetic diversity across continents working in tandem with the high
fecundity and narrow host range of L. decemlineata allows their populations to react quickly to
strong selective pressures for insecticide resistance, especially when the only control method is
the application of chemical insecticides.
Phytophagous insect feeding strategies are usually classified as either generalists that
feed on a broad suite of different plant families or specialists that feed on a much narrower range
of hosts (Bernays and Graham 1988). Specialist phytophagous insects, like the Colorado potato
beetle, experience a tradeoff wherein they limit their geographical range to that of their host
plants, but are adept in their ability to feed upon those hosts. This aspect of L. decemlineata
ecology aids in the development of insecticide resistance because populations are unable to leave
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the chemical insecticide treated-fields in search of new food source because of their evolved
host-specificity (Hsiao 1982). Consequently, developing resistance to the applied toxin may be
the least energetically expensive option for the Colorado potato beetle, especially when
considering the evolutionary history between potato beetles and their host plants.
Many plants produce secondary defense compounds that act to deter herbivores. These
allelochemicals are either always present in the plant tissues (constitutive) or produced in
response to herbivory (inducible) (Mithöfer and Boland 2012). It has been hypothesized that
phytophagous insects feeding on plants that produce these defensive alkaloids has contributed to
their evolution of insecticide resistance (Alyokhin and Chen 2017). As described by Alyokhin
and Chen (2017), these methods of resistance include target-site insensitivity, metabolic
degradation of the toxic compound, sequestration, excretion, and behavioral avoidance.
Additionally, many commercially available insecticides often mimic the mode of action of plant
allelochemicals and the evolved resistance mechanisms exhibited by phytophagous insects are
effective in resisting both the naturally and synthetically derived compounds (Heidel-Fischer and
Vogel 2015). Furthermore, it is possible that long-term exposure to plant allelochemicals has
contributed to the increased diversification of genes responsible for detoxification observed in
phytophagous insects (Alyokhin and Chen 2017). Without a clear understanding of how
exposure to plant secondary metabolites has affected gene expression of phytophagous insects in
their evolutionary history, we cannot fully understand and combat the modern insecticidal
resistance problem.
Potato beetles are well-suited to agricultural habitats because of their ability to evolve
resistances to chemical insecticides. While a resistance to a broad suite of chemical insecticides
is clearly advantageous to beetle survivorship and fitness, like any adaption, it has its associated
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costs. Casagrande (1987) outlines two pillars of cultural control in managing resistance in
Colorado potato beetles, the first of which is crop rotation with a non-host crop, usually wheat or
rye. This practice can reduce adult beetle density by 70-95 percent as adults emerging from their
overwintering sites are met with an unsuitable host plant (Wright 1984). The overwintered
beetles must leave the rotated field in search of a suitable host plant, and the energetic cost and
time required to emigrate from the grain field results in delayed oviposition and first larval
appearance (Lashomb and Ng 1984). While crop rotation seems to be an excellent method for
controlling beetle populations, it is challenging for many farmers to implement because of
several economic and agricultural barriers. Potatoes are typically grown in slightly acidic soil to
prevent common scab (a tuber disease caused by Streptomyces scabies) and other food crops are
less tolerant of this acidity (Casagrande 1987). Furthermore, the extended season required to
grow potatoes complicates crop rotation with wheat or rye, and many farmers do not have the
required equipment to efficiently cultivate crops apart from potatoes.
The second category of cultural control Casagrande (1987) suggests is reducing the
amount of time foliage is available to populations of L. decemlineata. Casagrande describes in
detail how populations of the beetles have been effectively managed by growing short-season
potatoes and killing vines roughly a week before harvest. These strategies minimize the amount
of time during which the beetles and their larvae can consume potato foliage, develop, and
produce additional generations. Two years before the introduction of Paris Green in 1871, Henry
Shimer (1869) outlined cultural control for the species wherein rapidly maturing varieties of
potato are harvested in August, planted again the next July and harvested again after the first
frost. This method would leave the beetles without a suitable host in the first fall, killing many
through starvation and those beetles that successfully overwinter and emerge in May will again
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be without food. Shimer (1869) argues that this regiment, followed closely, would result in
effective control of Colorado potato beetle populations.
A population of L. decemlineata is considered to be resistant to a certain insecticide when
the normally applied lethal dose can no longer successfully control the population (Alyokhin et
al. 2008a). Populations of Colorado potato beetles that develop resistance do not always develop
it equally. Resistance ratios ranging from a 30-fold increase in the lethal concentration required
to kill half of the population (LC50) were observed by Alyokhin et al. (2007) while Ioannidis et
al. (1991) observed populations with a 2000-fold decrease in sensitivity to select insecticides.
Despite the vast differences in the resistances of these two populations, both were sufficiently
resistant to their respective insecticides. Furthermore, even populations that have evolved a
relatively weaker resistance to chemical insecticides, such as the Maine population described in
Alyokhin et al. (2007), experience fitness disadvantages that affect aspects of their behavior and
ecology.
Overwintering costs are thought to be one of the strongest barriers to the evolution of
insecticide resistance in Colorado potato beetles. It has been shown that more resistant beetles
experience an increase in overwintering mortality during diapause due in part to their resistance
to insecticides (Alyokhin and Ferro 1999d, Baker and Porter 2008). Additionally, female
Colorado potato beetles resistant to the Cry3A toxin from Bacillus thuringiensis produced
significantly fewer eggs and larvae than susceptible females (Alyokhin and Ferro 1999d). The
same study by Alyokhin and Ferro (1999c) demonstrated that, while resistant beetles benefit
from increased survivorship relative to susceptible beetles, the susceptible individuals developed
from egg to adult significantly faster than their resistant counterparts. Alyokhin and Ferro
(1999c) demonstrated that resistant beetles successfully copulate less often than susceptible
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beetles while Baker et al. (2008) found no significant difference between the two, and this area
of L. decemlineata ecology likely requires more intensive research.
Traditional chemical insecticides are not sufficient to manage Colorado potato beetle
populations and the evolution of insecticide resistance. Novel methods of control must be
explored to combat this encroaching agricultural threat. RNA interference (RNAi) has had
promising effects in model organisms (Caenorhabditis elegans), insects, and may offer a novel
means to control populations of Colorado potato beetles resistant to typical chemical
insecticides.
Ribonucleic Acid Interference
General Mechanisms
Ribonucleic acid (RNA) is a polymeric molecule comprised of nucleotides and is integral
to cellular functions including coding, decoding, regulation, and expression of genes. RNA
usually exists as a single strand of phosphate groups and a ribose sugar. This backbone is
attached to adenine, uracil, cytosine, or guanine which are the RNA bases, similar to those
associated with deoxyribonucleic acid (DNA) (NIH 2019). Single stranded RNA (ssRNA) is not
the only form of the molecule as double stranded RNA (dsRNA), comprised of two interlocking
strands of ssRNA bound by complementary RNA bases, can be synthesized for use in a method
of gene regulation called RNA interference (RNAi). RNAi does occur naturally, but it can be
also induced through the application of dsRNA to a healthy cell plant, fungus, or animal cell.
RNAi is induced with the intention of preventing a targeted gene, or genes, from functioning at
its normal rate (gene knockdown) or preventing the gene from functioning at all (gene silencing).
When applied to a healthy cell, dsRNA induces sequence-specific degradation of the host
RNA (Helliwell and Waterhouse 2005). The sequence-specific dsRNA is created using the host
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RNA as a template to create a short hairpin RNA (shRNA) which is cleaved by the DICER
enzyme, resulting in short interfering RNA (siRNA). The siRNA then binds with the RNAinduced silencing complex (RISC) and the formed siRNA-RISC complex binds to the targeted
messenger RNA (mRNA) of the host. At this point, the host mRNA is degraded, resulting in
either silencing gene function entirely, or knocking down its functioning capability (Freeman et
al. 2014).
While this technique was relatively common in plants and fungi, it was not successfully
performed in animals until 1998 when exogenous dsRNA was used to silence an endogenous
homolog in the nematode Caenorhabditis elegans (Fire et al. 1998, Huvenne and Smagghe
2010). Two forms of RNAi exist, cell autonomous RNAi wherein the silencing effect is localized
to the single cell to which the dsRNA was applied, and non-cell autonomous RNAi wherein the
applied dsRNA is further incorporated to other cells and tissues, amplifying the silencing or
knockdown effect (Huvenne and Smagghe 2010). Regarding insect control, non-cell autonomous
RNAi is the relevant method of application and can be performed by either injecting dsRNA into
larval insects in laboratory settings or by feeding the larvae food inoculated with dsRNA (Cao et
al. 2018).
Non-cell autonomous RNAi is further broken down into environmental and systemic
RNAi. The two are not mutually exclusive, as environmental RNAi, which requires the target
organism to take the dsRNA in from its environment, often precedes systemic RNAi wherein the
silencing or knockdown signal is transported from cell to cell (Huvenne and Smagghe 2010).
Not all organisms share the biochemical machinery essential to conducting artificially
induced RNAi. Certain proteins are required for artificially inducing RNAi including, but not
limited to DICER, Argonaute proteins that are involved in transcriptional silencing, SID-1 which
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is involved in dsRNA uptake, and double stranded RNA binding motif (dsRBM) proteins that
facilitate the formation of the siRNA-RISC complex (Tomoyasu et al. 2008). Tomoyasu et al.
(2008) identified sufficient commonalities in the genome of Tribolium castaneum and C. elegans
that allowed the beetles to serve as a model system for studying RNAi in insects. Tribolium
exhibited systemic RNAi comparable to that seen in C. elegans. However, the low degree of
genetic conservation between C. elegans and Tribolium suggests that both dsRNA uptake and
systemic RNAi occur via different mechanisms in insects than in the well-studied C. elegans
(Tomoyasu et al. 2008).
There are two main methods to produce the dsRNA and deliver it into the target
organism. The first method relies on dsRNA synthesis in bacteria. This method of preparation
involves the construction of complementary vectors, designed to target specific genes within the
organism, which are then inserted into a bacterial strain (Zhu et al. 2011). The bacteria are heat
killed and can be fed to the target organism or stored in sub-zero temperatures to prevent
denaturing of the synthetic dsRNA. The other method of preparing dsRNA is entirely in vitro
and does not rely on bacteria to vector the dsRNA to the target organism. This second method is
somewhat simpler, as it does not rely on the maintenance of bacterial colonies and may be more
feasible at larger scales for insecticidal applications. However, bacteria-expressed dsRNA is
currently less expensive than dsRNA that has been synthesized in vitro. Both methods proved
effective in knocking down gene functioning in insects, but in vitro dsRNA was more efficient in
its ability to knockdown gene function in second instar Colorado potato beetle larvae, which are
more sensitive to RNAi than other instars (Zhu et al. 2011).
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RNAi in Colorado Potato Beetles
Given the alarming rate at which Colorado potato beetles are developing resistances to
chemical insecticides and the aversion of many farmers to employ more work-intensive cultural
controls, novel methods to control L. decemlineata populations are in high demand. RNAi offers
one such method and has been shown to cause larval mortality and decreased insect growth in
Colorado potato beetles (Zhu et al. 2011). As described by Zhu et al. (2011), five genes (actin,
Sec23, vATPaseE, vATPaseB, and COPβ) in Colorado potato beetles are targeted and effectively
knocked down by RNAi. These five genes encode polypeptides and are integral to different
biological processes including, but not limited to, muscle contraction, cell division, formation of
transport vesicles, coupling energy from ATP hydrolysis with proton transport, and cell motility
(Zhu et al. 2011). Overall, the knockdown of these five genes through systemic RNAi in
Colorado potato beetles would have prolific effects on survival, growth, and likely many other
aspects of their behavior and ecology. Some of these effects have already been studied. Second
instar larvae fed the dsRNA stopped eating three days after they were treated and had
significantly lower weights than control larvae. That behavior continued for nine days, leading to
the much lower cumulative survival of treated larvae (30-50% depending on target gene) than
that of the control larvae (90%) (Zhu et al. 2011).
One of the greatest benefits of RNAi is the high specificity with which the dsRNA can be
created. Many laboratory bioassays that sought to assess the efficacy of a sequence-specific
dsRNA in a target insect include a non-specific dsRNA as a control (Nunes et al. 2013). This
non-specific dsRNA is most often derived from green fluorescent protein and referred to as
dsRNA-GFP in the literature. Including a non-specific dsRNA control allows researchers to
determine if any observed mortality or behavioral changes were caused by the specific dsRNA

15

they selected or was caused by the ingestion any strand of dsRNA. While RNAi may offer a
novel method of controlling populations of Colorado potato beetles, as with any other control
method, it is not without associated risks. Although RNAi insecticides can be highly specific to
target only certain genes, and thus their effects on non-target organisms should be minimized,
unintended non-target effects are still possible. A strand of dsRNA developed to target three
genes in the Western corn rootworm (β-tubulin, vATPaseA, and vATPaseE) resulted in high
larval mortality of the target, but also resulted in high mortality of the Southern corn rootworm
and the Colorado potato beetle (Price and Gatehouse 2008). At the same time, the cotton boll
weevil was entirely insensitive to the ingested dsRNA. This demonstrates the need to study the
non-target effects of applied RNAi insecticides to fine tune the dsRNA strand and highly specify
it to the target organism.
When treating populations of Colorado potato beetles, it is possible that the natural
enemies of Colorado potato beetle, such as the ladybird beetles (family Coccinellidae) and
relatively closely related lacewings (Neuroptera: family Chrysopidae) could be adversely
affected by the dsRNA (Price and Gatehouse 2008, Jacques and Fasulo 2015). Additionally,
RNAi faces other challenges as there is still a risk that populations of Colorado potato beetles
could develop resistance to the dsRNA. The gene knockdown or silencing caused by RNAi can
be permanent when the integrated vector is capable of generating shRNA or its effects can be
transient, having its effects diminish in as few as five days as the integrated short-hairpin and
siRNA are degraded (Shakesby et al. 2009, Kandan-Kulangara et al. 2010). If the dsRNA applied
to Colorado potato beetle population does not result in permanent knockdown, the dsRNA
product should be used in an integrated pest management protocol to minimize the chance that
resistance develops. Incorporating RNAi into pest management protocols would help ensure that
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beetles exposed to the dsRNA do not live long enough for the siRNA to degrade and gene
function to return to normal (Shakesby et al. 2009, Huvenne and Smagghe 2010).
RNAi may be superior to traditional chemical insecticides regarding resistance
management because it could be significantly easier to alter the dsRNA to target a different site
on the same gene, or a different gene entirely, than it would be to design an insecticide with a
completely novel mode of action (Zhu et al. 2011). However, designing new dsRNA molecules
still requires a considerable time and effort.
Conclusion
General consumers of potatoes may be hesitant to consume produce that has been treated
with double-stranded ribonucleic acid. While genetic engineering techniques are already
employed in other food crops using Bacillus thurengiensis toxin to control insect pests, there will
always be some consumers that shy away from produce that is associated with using genetic
modification in one way or another. While almost all commercially available produce has been
treated with some form of pesticide, consumers may be wary of foods treated with atypical or
novel chemical insecticides. Regardless of the shortcomings of RNAi, it still appears to be a
promising new technology in pest management. However, more work into the understanding of
this developing technology is necessary to optimize its use against the Colorado potato beetle.
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CHAPTER 2
TOXICITY OF LEDPRONA TO THE COLORADO POTATO BEETLE
IN LABORATORY AND FIELD TRIALS
Introduction
Solanum tuberosum, the cultivated potato, is grown and consumed globally and preceded
only by rice, wheat, and corn in its importance as a food crop (Camire et al. 2009, FAO 2019).
Decreases in the yield or the nutrient content of potato tubers can have serious effects on food
security and human nutrition. Leptinotarsa decemlineata, Colorado potato beetle, is a notorious
pest that has been devastating potato crops for 150 years. The Colorado potato beetle is wellsuited to agricultural environments due to its complex life history (Alyokhin et al. 2008a) and
adaptability to a wide range of climates (Biever and Chauvin 1990). Colorado potato beetles
rapidly defoliate potato plants when left uninhibited (Ferro et al. 1985). Additionally,
populations of Colorado potato beetle are capable of rapid growth as a single female beetle can
produce hundreds of eggs each generation (Weber 2003).
The Colorado potato beetle is notorious for its ability to evolve resistances to insecticides,
especially since many farmers do not employ other control methods and rely entirely on repeated
applications of chemicals (Alyokhin et al. 2013a). Colorado potato beetle behavior and ecology
help explain their adaptability to the suite of insecticides to which they have been exposed,
especially the long-standing evolutionary arms race between the toxins produced by the
Solanaceae host plants and the ability of the beetles to handle them (Alyokhin et al. 2008a,
Alyokhin and Chen 2017). Traditional chemical insecticides are not sufficient for sustainable
management of Colorado potato beetle populations and the evolution of insecticide resistance
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(Alyokhin et al. 2008a, Alyokhin et al. 2015). Novel methods of control must be explored to
combat this agricultural threat.
RNA interference (RNAi) has had promising effects in model organisms (Caenorhabditis
elegans) and some insects (Fire et al. 1998, Baum et al. 2007, Price and Gatehouse 2008,
Tomoyasu et al. 2008, Huvenne and Smagghe 2010, Cao et al. 2018). RNAi has recently been
explored in Colorado potato beetle (Zhu et al. 2011) and this technique may offer a novel method
to control Colorado potato beetle populations resistant to typical chemical insecticides.
RNAi is a relatively new technology in animals and uses double-stranded RNA (dsRNA)
that has been taken into the target’s cell, resulting in either silencing gene function entirely or
knocking down its functioning capability (Freeman et al. 2014). DsRNA is ingested by or
injected into the organism, beginning the process of systemic RNAi wherein the dsRNA
molecule is incorporated into the target genome and the silencing or knockdown signals is passed
from cell to cell. This knockdown or silencing is achieved by mRNA cleavage, DNA
methylation, translation inhibition, and a suite of other mechanisms.
Zhu et al. (2011) assessed the utility of RNAi in controlling Colorado potato beetle
populations, and five target genes (actin, sec23, vATPaseE, vATPaseB, and COPβ) were
successfully knocked down, resulting in increased larval mortality and decreased insect growth.
Furthermore, RNAi is expected to be superior to chemical insecticides regarding resistance
management because it is easier to alter the dsRNA to target a different site, either on the same
gene or on a different gene, than to design a novel mode of action for a traditional chemical
insecticide (Zhu et al. 2011). While RNAi is unlikely to completely solve the problem of
insecticide resistance in Colorado potato beetles (Mishra et al. 2021), it may become a valuable
new tool for replacing older, failing modes of action.
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Ledprona is a newly developed sprayable dsRNA-based insecticide that targets synthesis
of the proteasome subunit beta 5 (dsPSMB5). As such, it impedes the removal of damaged
proteins and may lead to the accumulation of poly-ubiquitinated protein in the cells. In
preliminary laboratory and greenhouse trials, ledprona showed good potential for controlling
Colorado potato beetles (Rodrigues et al. 2021). The present study sought to further investigate
the efficacy of this novel dsRNA-based control for Colorado potato beetle. Our objectives were
to determine the effects of exposure to ledprona on mortality and leaf consumption in all four
instars and adult beetles both in variable dose, detached leaf bioassays as well as in field trials.
Materials and Methods
Insect Origins
Colorado potato beetle eggs to start our colony were collected from Aroostook Research
Farm in Presque Isle, ME. The colony has been subsequently maintained on potted potato plants
in wooden cages with mesh sides and roofs as described by Galimberti and Alyokhin (2018) .
Wild eggs from Aroostook Research Farm were mixed into the laboratory-reared colony once a
year in a 50:50 proportion to maintain genetic diversity.
Variable Dose Response
Beetles were individually removed from the colony for detached leaf bioassays
conducted in environmental chambers (Series 33 Controlled Environment Chamber, Percival
Scientific Inc., Perry, IA) held at 24 ± 1°C. Bioassays were performed following a randomized
complete block design. All detached leaf bioassays were conducted with ten beetles of the same
growth stage (first through fourth instars and adults) over a nine-day period, replicated five times
(except for the third instars which were replicated four times due to beetle availability). The ten
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beetles were given excised potato foliage dipped in a distilled water control or one of ten serial
dilutions of ledprona ranging from 6.32×10-1 to 6.32×10-10 grams/liter.
Leaf consumption was measured daily (except for first instars which were measured only
when the foliage was replaced due to its deterioration) using a leaf area meter (LI-3100, LI-COR
Inc, Lincoln, NE). Consumed or deteriorated foliage was replaced with freshly treated foliage as
needed.
Leaf consumption data were converted to daily leaf consumption per beetle (or leaf
consumption per beetle day for first instars). Daily leaf consumption per beetle was calculated as
the area of leaf consumed that day divided by the number of beetles alive on the same day. Daily
leaf consumption per first instar could not be calculated because leaf consumption was measured
only when a dish needed another leaflet to be added due to its deterioration or depletion. That
was done to avoid excessive disturbance of fragile small larvae. As a result, leaf area
consumption was measured at irregular intervals that could not be converted to daily leaf area
consumed per beetle. Instead, leaf consumption by first instars was corrected for the number of
beetle-days over the entire duration of the trial. The total number of beetle days was calculated as
the sum of the number of beetles alive in a dish during each of the nine days of the bioassay. For
example, if all ten larvae were alive all nine days, that dish would accumulate 90 beetle days,
similar to how effort hours are calculated. Data were then corrected by dividing the total leaf
area consumed by the total number of beetle days accumulated during the bioassay.
Mortality was measured daily. Beetles were considered dead when probing them with a
soft brush or forceps yielded no reaction. Treatment mortality was corrected for control mortality
using Abbott’s formula (Abbott 1925)
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Ovicidal Effects
Egg bioassays were conducted by submerging egg masses in the same ten concentrations
of ledprona and the distilled water control used in the detached leaf bioassays. One treated egg
mass was used per replicate for a total of five replications. Number of days to hatching, number
of days taken by the larvae to disperse from the egg mass after hatching, and the proportion of
larvae hatched were recorded.
Field Trials
The experiments were conducted in Presque Isle, ME in 2019 and 2020. The plots were
two rows wide (1.83 m), 9.1 m long in 2019 and 6.1 m long in 2020. A 3 m space was left fallow
between blocks and a 1.83 m space was left fallow between the plots within the blocks. Machinecut ‘Katahdin’ seed tuber pieces were planted 30 cm apart from each other on 23 May in 2019
and on 26 May in 2020 using a tractor-driven planter (Lockwood Model 425). Insecticides were
applied with a handheld custom-built CO2 sprayer that had two hollow cone nozzles per row
mounted on a boom 50 cm above soil surface. Applications were made at 207 kPa pressure,
liquid output of 188 l/ha, and at a travel speed of 0.8 km/h. The experiments were replicated four
times.
In 2019, the main goal was to test various rates of formulated ledprona in comparison
with spinosad (Entrust®, Corteva Agriscience, Wilmington, DE) and chlorantraniliprole
(Coragen®, FMC, Philadelphia, PA). Formulated ledprona was applied at the rates of 0.62, 1.24,
2.47, 4.94, and 9.9 g ai/ha, spinosad – at the rate of 88 g ai/ha, and chlorantraniliprole – at the
rate of 73 g ai/ha. All applications were made on 10, 17, and 24 July.
In 2020, the main goals were to further refine the use rate of ledprona, determine the
impact of a sticker adjuvant on the rate needed for successful control, and to determine the
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impact of rate and adjuvant on application intervals. Spinosad (Blackhawk®, Corteva
Agriscience, Wilmington, DE) was used as an industry standard. Application rates and schedules
are shown in Table 2.1.
Table 2.1. Insecticide treatments tested in the field experiment conducted in
2020. Treatment codes (ABD, AC, and AD) are used to represent their
respective application dates.
Treatment
Treatments
Rate
Application Dates
Codes
---1
Untreated control
------ABD
2
Ledprona
4.7 g ai/ha
6, 13, 20 Jul
ABD
3
Ledprona
7.04 g ai/ha
6, 13, 20 Jul
ABD
4
Ledprona
9.4 g ai/ha
6, 13, 20 Jul
5
Ledprona
4.7 g ai/ha
6, 13, 20 Jul
ABD
Bondmax
0.25 % v/v
6, 13, 20 Jul
6
Ledprona
7.04 g ai/ha
6, 13, 20 Jul
ABD
Bondmax
0.25 % v/v
6, 13, 20 Jul
7
Ledprona
9.4 g ai/ha
6, 13, 20 Jul
ABD
Bondmax
0.25 % v/v
6, 13, 20 Jul
AC
8
Ledprona
4.7 g ai/ha
6, 16 Jul
AC
9
Ledprona
9.4 g ai/ha
6, 16 Jul
10 Ledprona
4.7 g ai/ha
6, 16 Jul
AC
Bondmax
0.25 % v/v
6, 16 Jul
11 Ledprona
9.4 g ai/ha
6, 16 Jul
AC
Bondmax
0.25 % v/v
6, 16 Jul
AD
12 Ledprona
4.7 g ai/ha
6, 20 Jul
AD
13 Ledprona
9.4 g ai/ha
6, 20 Jul
14 Ledprona
4.7 g ai/ha
6, 20 Jul
AD
Bondmax
0.25 % v/v
6, 20 Jul
15 Ledprona
9.4 g ai/ha
6, 20 Jul
AD
Bondmax
0.25 % v/v
6, 20 Jul
ABD
16 Blackhawk
88 g ai/ha
6, 13, 20 Jul
AC
17 Blackhawk
88 g ai/ha
6, 16 Jul
AD
18 Blackhawk
88 g ai/ha
6, 20 Jul

Infestation was assessed weekly for five weeks on five plants randomly selected from
each of the two rows, for a total of ten plants. At each assessment, egg masses, small larvae (first
and second instars), large larvae (third and fourth instars), and adults were recorded separately.
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When dates of count and application were the same, counts were made prior to applications of
the insecticides. Defoliation was quantified by visually estimating percentage of foliage
consumed by the beetles, with 0 being a completely undamaged plot and 100 being a plot with
all plants completely destroyed. In 2019, tubers were harvested on 16 September from a
randomly selected 3.1 m strip inside each of the two rows, for a total of 6.2 row meters.
Harvested tubers were machine-graded into the size classes of 3.8-4.8 cm (small), 4.9-5.7 cm
(medium), 5.8-6.4 cm (medium large), 6.5-8.3 cm (large), and 8.4-10.2 cm (chefs) and weighed.
Statistical Analyses
All analyses were done in R Studio (R Core Team 2021). Normality of collected
laboratory and field data was assessed using the Shapiro-Wilk test (Royston 1982) and nonnormal data were aligned rank transformed prior to analysis. We used  = 0.01 because ShapiroWilk test is highly sensitive, while ANOVA is usually sufficiently robust to handle slight
deviations from normality. Data on daily leaf consumption per beetle were subjected to repeatedmeasures ANOVA (Wobbrock et al. 2011, Kay et al. 2021) with treatment and time as the main
factors for all life stages, excluding first instars. Data on leaf consumption per beetle day
collected from first instars were subjected to ANOVA. Data on daily Abbott’s corrected
mortality were subjected to repeated-measures ANOVA with treatment and time as the main
factors for all life stages. Data collected from all three recorded ovicidal measures were
subjected to ANOVA.
For all variable dose response bioassays, excluding those on eggs, lethal concentrations
killing 50% and 90% of the exposed populations and times required for 50% and 90% of the
exposed population to die were calculated using probit analyses of the Abbott’s corrected
mortality data (Abbott 1925, Ritz et al. 2015).
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Egg mass count data collected in 2019 and counts of small larvae, large larvae, and adult
beetles made in 2019 and 2020 were averaged within their plot. Field count data recorded in
2019 and 2020 were subjected to repeated-measures ANOVA with treatment and time as the
main factors. Weights of collected tubers in all five size classes and total tuber weight in 2019
were subjected to ANOVA with treatment as the main factor. Visual estimates of defoliation
made in 2019 and 2020 were subjected to repeated-measures ANOVA with treatment and time
as the main factors. All ANOVAs were followed with post-hoc comparisons using estimated
marginal means in R (Lenth 2021).
Results
Leaf consumption
Total leaf area consumed during the nine-day bioassay was significantly different among
the treatments for first instars (F10,44=4.68, P<0.001), second instars (F10,44=13.21, P<0.001),
third instars (F10,33=4.70, P<0.001), fourth instars (F10,44=3.39, P=0.002), and adults (F10,44=4.25,
P<0.001). This relationship remained significant in the first instars after converting to leaf area
consumed per beetle day (F10,44=2.17, P=0.038). Treatment and time since first exposure had a
significant effect on the daily leaf consumption by second, third, and fourth instars, as well as by
adults (Table 2.2). The interactive effect of treatment and time was significant in second instars
and adults but was not significant in third and fourth instars (Table 2.2.).
Table 2.2. Repeated measures ANOVA results from daily
leaf consumption per beetle data by life stage.
Life
F
P
Factor
df
Stage
Statistic Value
10, 396
58.01 <0.001
Second
Treatment
8, 396
34.85 <0.001
instar
Time
6.34 <0.001
Treatment × Time 80, 396
10, 297
15.94 <0.001
Third
Treatment
8, 297
8.44 <0.001
instar
Time
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Table 2.2 Continued
Treatment × Time
Fourth
Treatment
instar
Time
Treatment × Time
Adult
Treatment
Time
Treatment × Time

80, 297
10, 396
8, 396
80, 396
10, 396
8, 396
80, 396

1.15
9.62
3.73
1.07
3.21
111.13
1.84

0.202
<0.001
<0.001
0.328
<0.001
<0.001
<0.001

Leaf consumption decreased with an increase in dsRNA concentration. Susceptibility to
ledprona declined with each sequential life stage (Figure 2.1). Significant differences in daily
leaf consumption per beetle were not usually observed until 4-5 days since first exposure. There
appeared to be a threshold dose, especially in second instars. Beetles exposed to a concentration
equal to or higher than 6.32×10-6 g/L experienced much lower daily feeding rates than the lowest
five concentrations. This trend became less pronounced in later life stages, but its general pattern
remained consistent.
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Figure 2.1. Mean leaf consumption per beetle (per beetle day for first instars) in (A) first, (B)
second, (C) third, (D) fourth instars, and (E) adults across the various treatments.
Treatment C signifies the distilled water control and dsRNA concentration decreases
sequentially from left to right (6.32×10-1 to 6.32×10-10 g/L). Error bars denote standard
error about the mean. Letters indicate significant differences among the treatments.

Mortality
There was a significant difference in daily Abbott’s corrected mortality between
treatments in first instars (F10,396=55.85, P<0.001), second instars (F10,396=44.38, P<0.001), third
instars (F10,297=20.63, P<0.001), fourth instars (F10,396=24.59, P<0.001), and adults
(F10,396=36.82, P<0.001). Time since first exposure and the interactive effect of treatment and
time also had significant effects on daily Abbott’s corrected mortality on all life stages (Table
2.3.).
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Table 2.3. Repeated measures ANOVA results from daily
Abbott's corrected mortality data by life stage.
Life
Factor
df
F Statistic P Value
Stage
10, 396
First
Treatment
22.63 <0.001
8, 396
instar
Time
160.04 <0.001
80,
396
Treatment × Time
2.29 <0.001
10,
396
44.38
<0.001
Second
Treatment
8, 396
185.09 <0.001
instar
Time
6.50 <0.001
Treatment × Time 80, 396
10, 297
20.63 <0.001
Third
Treatment
8,
297
44.37 <0.001
instar
Time
3.22 <0.001
Treatment × Time 80, 297
10, 396
24.59 <0.001
Fourth
Treatment
8, 396
34.82 <0.001
instar
Time
3.25 <0.001
Treatment × Time 80, 396
10, 396
36.82 <0.001
Adult
Treatment
8,
396
58.12 <0.001
Time
4.38 <0.001
Treatment × Time 80, 396

Each sequential life stage was more tolerant of exposure to ledprona compared to the
preceding life stages (Figure 2.2). The trend was also observed in the calculated lethal
concentration values in Table 2.4.
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Figure 2.2. Mean daily Abbott’s corrected mortality in (A) first, (B) second, (C) third, (D) fourth
instars, and (E) adults across the various treatments. Treatment C signifies the distilled
water control and dsRNA concentration decreases sequentially from left to right
(6.32×10-1 to 6.32×10-10 g/L). Error bars denote standard error about the mean. Letters
indicate significant differences among the treatments.
Table 2.4. Lethal concentrations (g/L) needed to kill 50 and 90 percent of the
treated population 8- and 9-days post exposure for each assessed life stage.
95% Fiducial Limits
Days After Percent Concentration
Life Stage
Treatment
Killed
(g/L)
Lower
Upper
First instar

8
9

Second instar

8
9

Third instar

8
9

2.40×10-7
5.69×10-3
1.84×10-8
2.76×10-3
4.74×10-5
1.46×103
5.56×10-7
6.62×10-1
2.14×10-3
1.74×103
5.95×10-5
1.37×101

50
90
50
90
50
90
50
90
50
90
50
90
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-1.73×10-7
-1.26×10-2
-1.84×10-8
-1.03×10-2
-2.8×10-4
-2.25×104
-1.87×10-6
-6.77×100
-3.75×10-3
-1.38×104
-6.97×10-5
-7.08×101

6.54×10-7
2.40×10-2
5.53×10-8
1.59×10-2
3.75×10-4
2.54×104
2.98×10-6
8.10×100
8.05×10-3
1.73×104
1.88×10-4
9.83×101

Table 2.4 Continued
Fourth instar
8
9
Adult

8
9

1.21×102
9.50×109
2.04×10-2
4.54×101
1.90×10-3
1.58×100
8.12×10-3
4.41×103

50
90
50
90
50
90
50
90

-5.47×102
-1.27×1011
-1.95×10-3
-1.06×102
-2.08×10-3
-1.04×101
-1.57×10-2
-1.74×105

7.91×102
1.46×1011
4.28×10-2
1.97×102
5.88×10-3
1.36×101
3.20×10-2
1.83×105

Substantial mortality was not typically observed until 5-7 days after the first exposure. At
the two highest concentrations of ledprona (6.32×10-1 and 6.32×10-2 g/L), the times required to
kill 50 and 90 percent of all assessed life stages were longer than the times when significant
effects on leaf consumption became noticeable (Table 2.5). An increase in dsRNA concentration
negatively correlated with the time required to kill 50 and 90 percent of the population as shown
in Table 2.5. There was a positive relationship between tolerance and life stage with both higher
total and more rapid mortality in younger life stages.
Table 2.5. Lethal times required to kill 50 and 90 percent of all assessed life
stages following exposure to the two highest tested dsRNA concentrations.
95% Fiducial Limits
Concentration Percent
Time
Life Stage
(g/L)
Killed
(days)
Lower
Upper
-1
First instar
6.3×10
50
5.27
4.87
5.65
90
7.77
7.10
8.85
-2
6.3×10
50
5.76
NA
NA
90
7.85
NA
NA
-1
Second instar
6.3×10
50
5.93
5.71
6.13
90
7.33
7.02
7.76
-2
6.3×10
50
6.34
6.07
6.60
90
7.71
7.34
8.28
-1
Third instar
6.3×10
50
7.23
6.55
8.19
90
10.76
9.18
15.25
-2
6.3×10
50
7.82
6.41
16.89
90
11.24
8.73
218.44
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Table 2.5 Continued
Fourth instar
6.3×10-1
6.3×10-2
Adult

6.3×10-1
6.3×10-2

50
90
50
90
50
90
50
90

11.17
27.17
9.99
17.22
9.33
14.91
12.12
33.81

7.35
12.02
NA
9.03
8.44
12.09
9.49
20.01

NA
NA
NA
NA
11.21
23.21
20.79
119.21

In relation to the lethality of this insecticide, there appeared to be a threshold dose
between 6.32×10-5 and 6.32×10-6 g/L. Beetles exposed to the highest four or five concentrations
(depending on life stage) exhibited a similar lethal response and beetles exposed to the lower
doses also responded similarly. The trend became less pronounced with each sequential life
stage, especially in fourth instars and adults wherein beetles exposed to the lowest concentrations
of ledprona exhibited a similar lethal response to beetles treated with distilled water. However,
this trend was consistently observed to at least some degree across all life stages.
Ovicidal effects
There was no significant difference in hatch time (5.47±0.20 days, mean±SE; F10,42=1.33,
P=0.245), dispersal time (0.85±0.13 days; F10,42=1.27, P=0.276), and proportion of larvae
hatched (0.81±0.02; F10,42=0.685, P=0.734) among the treatments.
Field performance in 2019
There were significant effects of treatment (F7,168=4.50, P<0.001), time (F6,168=254.92,
P<0.001), and their interaction (F42,168=1.74, P=0.007) on the mean number of egg masses
counted per plot in 2019 (Figure 2.3).
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Figure 2.3. Mean number of egg masses per plot in each treatment applied in 2019 averaged
across all time points. Error bars denote standard error about the mean. Letters indicate
significant differences among treatments.

However, there was no clear trend in egg mass deposition across the plots despite the
significant difference detected by the repeated-measures ANOVA. Certain rates of ledprona
appeared to slightly increase the number of egg masses deposited on a plot compared to the
control, but there was no a discernable relationship between the rate of ledprona applied and the
number of egg masses laid.
There were significant effects of treatment (F7,168=22.86, P<0.001), time (F6,168=223.54,
P<0.001), and their interaction (F42,168=4.73, P<0.001) on the mean number of small larvae
counted per plot in 2019 (Figure 2.4).
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Figure 2.4. Mean number of small larvae per plot in each treatment applied in 2019 averaged
across all time points. Error bars denote standard error about the mean. Letters indicate
significant differences among the treatments.

None of the five rates of ledprona that were applied to plots significantly reduced the
number of small larvae per plot. At the same time, application of spinosad (Entrust®, Corteva
Agriscience, Wilmington, DE) and chlorantraniliprole (Coragen®, FMC, Philadelphia, PA)
greatly reduced the abundance of small larvae on their respective plots. There were significant
effects of treatment (F7,168=34.45, P<0.001), time (F6,168=86.55, P<0.001), and their interaction
(F42,168=14.41, P<0.001) on the mean number of large larvae counted per plot in 2019 (Figure
2.5).
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Figure 2.5. Mean number of large larvae per plot in each treatment applied in 2019 averaged
across all time points. Error bars denote standard error about the mean. Letters indicate
significant differences among treatments.

Ledprona applied at each of the five rates assessed in 2019 significantly reduced the
number of large larvae compared to the control. Ledprona applied at a rate of 9.9 g ai/ha was
similar in its control of large larvae to the industry standards, especially chlorantraniliprole
(Figure 2.5). There was a clear relationship between increasing ledprona application rates and
decreasing abundance of large larvae.
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There was a significant effect of time (F6,168=40.86, P<0.001) on the mean number of
adult beetles counted per plot in 2019. The effect of treatment (F7,168=2.01, P=0.055) and the
interactive effect of treatment and time (F7,168=1.44, P=0.055) were marginally significant
(Figure 2.6).

Figure 2.6. Mean number of adult beetles per plot in each treatment applied in 2019 averaged
across all time points. Error bars denote standard error about the mean. Letters indicate
significant differences among treatments.

None of the assessed treatments had a significant effect on the number of adult beetles
per plot. The marginal statistical significance was likely due to difference between insecticide
treatments (i.e., ledprona at 9.9 g ai/ha vs Coragen, Figure 2.5) than between any treatment and
the untreated control.
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There were significant effects of treatment (F7,216=128.48, P<0.001), time (F8,216=30.22,
P<0.001), and their interaction (F56,216=3.55, P<0.001) on the mean defoliation per plot in 2019
(Figure 2.7).

Figure 2.7. Mean percent defoliation per plot in each treatment applied in 2019 averaged across
all time points. Error bars denote standard error about the mean. Letters indicate
significant differences among the treatments.

Defoliation of ledprona-treated plots varied on average between 14.58±5.26 percent at
the lowest application rate and 6.81±2.71 percent at the highest application rate. All
chlorantraniliprole-treated plots were recorded with zero percent defoliation and spinosad-treated
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plots were defoliated 1.25±3.66 percent on average. Ledpronaledprona did not offer complete
protection from defoliation, but even a very low application rate significantly reduced the
average defoliation per plot compared to the control.
There was no significant difference in the weight of small tubers (F7,24=0.846, P=0.561)
and large tubers (F7,24=1.79, P=0.136) among treatments in 2019. There was a significant
difference in the weight of medium tubers (F7,24=3.58, P=0.008), medium large tubers
(F7,24=2.83, P=0.027), chefs tubers (F7,24=4.73, P=0.001), and the total weight of tubers
(F7,24=2.60, P=0.029, Figure 2.8) among treatments in 2019.

Figure 2.8. Mean weight of total tubers harvested per plot in each treatment applied in 2019.
Error bars denote standard error about the mean. Letters indicate significant differences
among treatments.
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Tubers in the largest size class (8.4-10.2 cm, chefs) were only produced by plots treated
with the two highest application rates of ledprona. There is no discernable difference in total
tuber yield between all five application rates of ledprona and the two industry standards (Figure
2.8). Treatment of a plot with even the lowest application rate tested in 2019 appeared to be
sufficient to protect tuber yield.
Field performance in 2020
There were significant effects of treatment (F17,270=7.06, P<0.001), time (F4,270=160.44,
P<0.001), and their interaction (F68,270=2.46, P<0.001) on the mean number of small larvae
counted per plot in 2020 (Figure 2.9).

Figure 2.9. Mean number of small larvae per plot in each treatment applied in 2020 averaged
across all time points. Each x-axis label, excluding the untreated control, displays the rate
of insecticide applied on a specific schedule. An ABD schedule was three applications on
a seven-day interval, AC was two applications on a ten-day interval, and AD was two
applications on a fourteen-day interval. Error bars denote standard error about the mean.
Letters indicate significant differences among the treatments.
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None of the plots treated with ledprona with or without an adjuvant on any application
schedule showed a reduction in the number of small larvae per plot compared to the control
during the 2020 field season. Spinosad (Blackhawk) was effective in reducing the number of
small larvae when applied at all three schedules. The addition of a sticker adjuvant (Bondmax)
does not appear to influence the efficacy of ledprona in controlling small larvae.
There were significant effects of treatment (F17,270=17.62, P<0.001), time (F4,270=102.58,
P<0.001), and their interaction (F68,270=6.18, P<0.001) on the mean number of large larvae
counted per plot in 2020 (Figure 2.10).

Figure 2.10. Mean number of large larvae per plot in each treatment applied in 2020 averaged
across all time points. Each x-axis label, excluding the untreated control, displays the rate
of insecticide applied on a specific schedule. An ABD schedule was three applications on
a seven-day interval, AC was two applications on a ten-day interval, and AD was two
applications on a fourteen-day interval. Error bars denote standard error about the mean.
Letters indicate significant differences among the treatments.
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All treatments using applications of ledprona at a rate of 7.04 and 9.4 g ai/ha effectively
reduced the number of large larvae per plot compared to the untreated control. The addition of a
sticker adjuvant did not appear to increase the efficacy of the two highest application rates. The
highest application rate of ledprona was most effective in controlling large larvae when applied
weekly for three consecutive weeks (ABD). The lowest application rate of ledprona only
significantly differed from the control when applied with the sticker adjuvant on an ABD
schedule. Spinosad-treated plots did not differ from the untreated control when there was a twoweek gap between the applications (AD).
There were significant effects of treatment (F17,270=2.37, P=0.002) and time (F4,270=62.34,
P<0.001) on the mean number of adult beetles counted per plot in 2020 (Figure 2.11). The
interactive effect of treatment and time (F68,270=1.08, P=0.322) did not significantly affect the
number of adults per plot.
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Figure 2.11. Mean number of adult beetles per plot in each treatment applied in 2020 averaged
across all time points. Each x-axis label, excluding the untreated control, displays the rate
of insecticide applied on a specific schedule. An ABD schedule was three applications on
a seven-day interval, AC was two applications on a ten-day interval, and AD was two
applications on a fourteen-day interval. Error bars denote standard error about the mean.
Letters indicate significant differences among the treatments.

However, despite overall statistically significant variation, none of the ledprona or
spinosad treatments assessed during the 2020 field season significantly reduced the number of
adult beetles per plot compared to the untreated control (Figure 2.11B).
There were significant effects of treatment (F17,216=2.37, P<0.001), time (F17,216=62.34,
P<0.001), and their interaction (F51,216=1.08, P=0.002) on the mean defoliation per plot in 2020
(Figure 2.12). The two highest application rates of ledprona reduced the amount of defoliation
compared to the untreated control but were most effective when applied with an ABD schedule
(Figure 2.12).
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Figure 2.12. Mean percent defoliation per plot in each treatment applied in 2020 averaged across
all time points. Each x-axis label, excluding the untreated control, displays the rate of
insecticide applied on a specific schedule. An ABD schedule was three applications on a
seven-day interval, AC was two applications on a ten-day interval, and AD was two
applications on a fourteen-day interval. Error bars denote standard error about the mean.
Letters indicate significant differences among the treatments.

Additionally, the lowest application rate of ledprona was effective only when applied
with an ABD schedule. The addition of a sticker adjuvant did not affect the amount of
defoliation when added to formulated ledprona. Spinosad greatly reduced the amount of
defoliation in 2020. Spinosad-treated plots were not significantly different from plots treated
with ledprona applied at a rate of 9.4 g ai/ha on an ABD schedule with or without the sticker
adjuvant.
Discussion
The Colorado potato beetle is a destructive pest of solanaceous crops that has evolved
varying degrees of resistance to virtually all traditional chemical insecticides throughout its range
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(Alyokhin et al. 2008a, Alyokhin et al. 2015). The dsRNA formulation tested in the present
experiment was an effective, but slow-acting, poison for all assessed active Colorado potato
beetle life stages. Ledprona may present an effective means of controlling Colorado potato beetle
populations through increased mortality and decreased leaf consumption. At the same time, the
tested formulation appeared to have no detectable ovicidal effects. In the field, ledprona
effectively controlled populations of destructive large larvae, prevented serious defoliation, and
protected tuber yield when applied at high rate. Three applications worked better than two
applications. The levels of protection were comparable to those provided by spinosad and
chlorantraniliprole.
RNAi appears to take a longer time to kill Colorado potato beetles when compared to
typical chemical insecticides. Even at the highest concentrations, significant and consistent
mortality was not observed in first instars until five days after exposure, while it took seven to
eight days to reach 99% mortality in the exposed first instars. In the later instars and adults,
significant and consistent mortality was not observed until seven to eight days following
exposure to the highest concentrations of ledprona. This slower mode of action compared to
industry standards may explain why ledprona did not significantly reduce the number of small
larvae in the field. It is likely that most of the treated first and second instars progressed to third
or fourth instars before dying.
Similar to our findings, exposure to dsRNA resulted in substantial mortality and gene
knockdown within seven to ten days after exposure in other coleopteran pests (Al‐Ayedh et al.
2016, Prentice et al. 2017). Also, dsRNA significantly altered gene expression and increased
mortality in several hemipteran pests within five to ten days (Kishk et al. 2017, Basnet and
Kamble 2018, Riga et al. 2020). In Colorado potato beetles, dsRNA feeding bioassays separately
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targeting five different genes in second instars did not result in any mortality until six days post
exposure and did not result in significant mortality until twelve days post exposure (Zhu et al.
2011). Double-stranded RNA targeting actin in Colorado potato beetles yielded more than 50
percent mortality within three to nine days post exposure (Zhu et al. 2011, San Miguel and Scott
2016, Máximo et al. 2020). At the same time, dsRNA simultaneously targeting two genes (actin
and an inhibitor of apoptosis) in the third instars caused mortality beginning as soon as 48-hours
post exposure with near complete mortality within 72-hours (Máximo et al. 2020).
The strength of the lethal effects of ledprona appeared to negatively correlate with
Colorado potato beetle life stage. While there was some variation in the lethal concentrations and
lethal times, the general trend was towards each progressively older life stage being more
tolerant of exposure to ledprona. Similarly, dsRNA efficacy has been shown to vary between
insect life stages in Drosophila melanogaster (Miller et al. 2008). Adult Colorado potato beetles
are also more tolerant to traditional chemical insecticide than their larvae (Zhao et al. 2000).
Physiological differences between Colorado potato beetle life stages may explain the decrease in
toxicity across life stages observed in this study. Expression of enzymes involved in RNAi in
potato beetles is highest in young larvae (Cooper et al. 2019), which may contribute to the
greater lethality of ledprona in earlier life stages.
All assessed life stages demonstrated a pronounced dose-response relationship wherein
the highest four or five concentrations appeared to have a similar substantial effect on mortality
while the two or three most dilute concentrations generally did not differ from the control. This
pattern of dose response was also observed in European populations of second instar Colorado
potato beetles following exposure to dsRNA targeting actin (Mehlhorn et al. 2020).
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The effects of ledprona on leaf consumption often appeared before any significant
mortality had been observed and this trend has important implications in the field. Larval potato
beetles exposed to ledprona are likely to remain clinging to stems and leaves for several days as
they cease feeding and become moribund, but their feeding damage will be significantly reduced.
This is consistent with the situation reported for the Colorado potato beetle larvae exposed to
dsRNA targeting actin, as their feeding decreased or completely ceased three days after
exposure, before any observed mortality (Zhu et al. 2011, San Miguel and Scott 2016). In the
present study, both the total leaf area consumed during the nine-day bioassay and the leaf area
consumed per day were lower in the ledprona-treated dishes than in the control.
Máximo et al. (2020) reported the inhibition of Colorado potato beetle larval feeding 24hours post exposure to dsRNA. While the formulation of ledprona assessed in the present study
did not halt feeding as quickly, it was still effective in reducing leaf consumption across all
assessed life stages. Additionally, RNAi efficiency varies significantly between Colorado potato
beetle populations (Mehlhorn et al. 2020) and different dsRNA strands can have varying efficacy
within a single species due to a number of factors including the sequence length (San Miguel and
Scott 2016, Cooper et al. 2019). Therefore, a quicker reduction in feeding activity may still be
possible in other populations.
The effects on leaf consumption observed in our study did not follow as gradual of a
dose-response curve as the mortality effects. Instead, feeding responses following exposure to
ledprona were similar among the beetles treated with the highest five concentrations and among
the beetles treated with the lowest five concentrations, but different between those two groups.
We did not quantify behavior, but intoxicated beetles appeared to be sluggish and
consumed less foliage than control beetles. It is possible that starvation contributed to their
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eventual deaths. Similarly, Zhu et al. (2011) demonstrated that larval body weight significantly
decreased following dsRNA exposure compared to the control. San Miguel and Scott (2016) also
observed that second instars treated with high concentrations of dsRNA experienced reduced
weight gain and slower development than control beetles. In the current study, intoxicated adults
and fourth instars appeared to have greatly reduced traction and mobility. Mortality of such
sluggish individuals is likely to be higher under field conditions than under laboratory conditions
because of abiotic factors, predation by natural enemies (Greenstone et al. 2010), and reduced
ability to climb back up plants after falling from potato foliage to the ground.
Ledprona does not appear to have ovicidal effects as there was no significant relationship
between dsRNA concentration and proportion of larvae hatched from the treated eggs. This
differs from insect growth regulators such as novaluron which had direct and indirect ovicidal
effects (Alyokhin et al. 2008b) and contact insecticides like tolfenpyrad that had significant
ovicidal effects after submerging Colorado potato beetle egg masses in the insecticide (Wimer et
al. 2015). Other dip bioassays have demonstrated a significant lethal effect in Anastrepha
fracterculus when larvae were fully submerged in dsRNA (Dias et al. 2020). The contact toxicity
of ledprona has not yet been assessed, and no life stage apart from eggs were fully submerged in
the dsRNA. It is possible that residual dsRNA on the egg masses may affect neonate survival as
newly hatched Colorado potato beetles often consume the chorion of the egg. However, the
possible effects of lingering dsRNA were not tested in the present study.
Based on the data collected during the 2019 and 2020 field seasons, ledprona does not
effectively reduce populations of first and second instars compared to industry standards such as
chlorantraniliprole and spinosad. This is consistent with the slow onset of mortality observed in
the lab, where first and second instars exposed to ledprona typically progressed to their third or
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fourth instars before dying. In the field, intoxicated small larvae may have clung to the foliage in
a moribund state before falling from the plant, starving, or being killed by the dsRNA-based
insecticide. Fortunately, small larvae consume less foliage and are far less destructive than large
larvae (Ferro et al. 1985, Hare 1990); thus, the control of large larvae is usually more important
in preventing foliar damage. Both the 2019 and 2020 field data demonstrated that moderate to
high application rates of ledprona, applied weekly, significantly reduced the number of large
larvae and prevented damaging amounts of defoliation.
Plots treated with spinosad or chlorantraniliprole experienced slightly less defoliation
than comparable ledprona applications, but this difference was not statistically significant in
2020. Ledprona’s slower mode of action may have allowed potato beetles to eat for several days
before succumbing to the poison, causing some damage. However, S. tuberosum can tolerate
considerable degrees of herbivory throughout its growing season with no adverse effects on tuber
yield (Stieha and Poveda 2015). Application of ledprona protected the plants from serious
amounts of defoliation in both years. While some growers may be reluctant to allow any foliar
damage to their potatoes, the weight and size of tubers harvested from spinosad-treated plots and
ledprona-treated plots were comparable. Even plots treated with the lowest tested application rate
of ledprona produced a similar tuber yield to the two industry standards tested in 2019.
When applied frequently at a high enough rate, ledprona performs comparably to industry
standards regarding their control of large larvae, preventing defoliation, and protecting tuber
yield. Ledprona did not benefit from the addition of sticker adjuvants except at low application
rates. More field experiments using ledprona to assess its synergy with adjuvants and possible
tank-mix partners are needed to understand how best to incorporate this novel product into
integrated pest management protocols. Similarly, the relationship between egg mass deposition
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and ledprona application rate is unclear. The possible effects of ledprona on beetle fecundity
have not been tested, although ledprona did not significantly reduce the presence of adult beetles
nor was it shown to have any ovicidal effects.
The Colorado potato beetle is a destructive pest of the potato that has evolved varying
degrees of resistance to virtually all traditional chemical insecticides used within its range. RNA
interference is an emerging technology in pest management that presents a novel tool in
controlling resistant Colorado potato beetle populations. Additionally, double-stranded RNA
insecticides like ledprona offer a means of pest management with relatively few non-target
effects. Previous studies have identified several target genes for RNAi (Zhu et al. 2011) and
explored the efficacy of different dsRNA sequences in various populations of Colorado potato
beetles (San Miguel and Scott 2016, Máximo et al. 2020, Mehlhorn et al. 2020). This existing
work and the results presented in this study demonstrated that RNAi has the potential to aid in
managing Colorado potato beetles. Ledprona increased Colorado potato beetle mortality and
decreased foliar damage and will become a valuable new tool when implemented into integrated
pest management protocols because of its novel mode of action.
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CHAPTER 3
SUBLETHAL EFFECTS OF LEDPRONA TO THE COLORADO POTATO BEETLE
Introduction
The cultivated potato, Solanum tuberosum L., is a food crop of global importance;
therefore, decreases in yield and nutritional value of potato tubers can severely impact human
nutrition and food security (Camire et al. 2009). Leptinotarsa decemlineata (Say), the Colorado
potato beetle, has been one of the most destructive insect pests of the potato for over a century.
The complex and flexible life history of this insect and its propensity for rapidly evolving
insecticide resistance (Alyokhin et al. 2008a) has allowed it to flourish in agricultural
environments throughout diverse climates (Biever and Chauvin 1990). Populations of Colorado
potato beetle also make use of migration, dispersal, and facultative diapause to survive
unfavorable conditions and protect its fitness across its broad geographic range (Alyokhin et al.
2013).
Most of an insecticide’s merit is derived from its direct, lethal effects on populations of a
target organism (Guedes et al. 2017). While it is important for growers to understand what
application rate of an insecticide will result in rapid pest mortality and crop protection, it is also
essential to understand how exposure to sublethal rates of an insecticide will influence the pest
population. Both short and long-term exposure to sublethal concentrations of an insecticide can
have a wide range of effects on insect populations from fitness-boosting hormesis (Cutler and
Rix 2015, Margus et al. 2019) to reduced body size of individuals and reduced population
growth rates (Costa et al. 2000, Galimberti and Alyokhin 2018). Some of these may have pest
management applications. For example, reduced reproduction rates have an obvious effect on
reducing populations in the next generation, prolonged time of development may increase

49

exposure to natural enemies and unfavorable weather, while reduced mobility may interfere with
an ability to escape dangerous situations.
Understanding how a pest reacts to sublethal concentrations of an insecticide can be
useful in predicting the development of resistance (Guedes et al. 2017). Insecticide resistance is
often thought of developing through the removal of susceptible organisms within the treated
population; however, it can also evolve through sublethal exposure that results in increased
fitness for moderately resistant individuals. The development of insecticide resistance in a
population through sublethal exposure is of much less concern if intoxicated individuals exhibit
substantially reduced fitness compared to unintoxicated individuals (Guedes et al. 2017).
Although substantial effort is put into understanding the lethal effects of an insecticide,
assessing possible sublethal effects is integral to recognizing how the population of surviving
pests will grow. Colorado potato beetles distribute their offspring in a “bet-hedging” strategy
(Alyokhin et al. 2013b) to ensure that their population is not significantly reduced by any single
event. Their integration of reproduction, diapause, and migration results in pest populations that
cannot be wholly controlled by a single method of pest management. However, it is possible that
insecticides and other methods of control that reduce the fitness of surviving beetles could reduce
the size of the following generation.
Ledprona is a newly developed sprayable dsRNA-based insecticide that hinders the
removal of damaged proteins, leading to the accumulation of poly-ubiquitinated protein in
Colorado potato beetle cells. This new insecticide has shown good potential for controlling
Colorado potato beetles in laboratory, greenhouse, and field trials (Rodrigues et al. in review,
Pallis Chapter 2). Previous work has demonstrated the lethal effects of ledprona on Colorado
potato beetles. The present study sought to investigate how several sublethal effects could
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contribute to ledprona’s ability to control populations of Colorado potato beetle by measuring
pupation success, mobility, and reproductive output in detached leaf bioassays.
Materials and Methods
Insect Origins
Colorado potato beetle eggs to start our colony were collected from Aroostook Research
Farm in Presque Isle, ME. The colony has been subsequently maintained on potted potato plants
in wooden cages with mesh sides and roofs as described by Galimberti and Alyokhin (2018).
Wild eggs from Aroostook Research Farm were mixed into the laboratory-reared colony once a
year in a 50:50 proportion to maintain genetic diversity.
Survival to Adulthood
Fourth instar Colorado potato beetles were individually removed from the colony for the
survival bioassay conducted in environmental chambers (Series 33 Controlled Environment
Chamber, Percival Scientific Inc., Perry, IA) held at 24 ± 1°C. Bioassays were performed
following a randomized complete block design. All survival bioassays were conducted with ten
fourth instar larvae over a thirty-day period, replicated ten times. The ten fourth instars were fed
excised potato foliage dipped in a low (6.59×10-5 g/L) or a high concentration (1.58 g/L) of
ledprona or of a non-specific dsRNA control. The low and high concentrations selected were the
lethal concentrations of ledprona required to kill 25% and 90% of adults eight days after
exposure respectively (Pallis Chapter 2). Unless specified otherwise, these concentrations were
used throughout the study.
Each replicate of ten fourth instars was housed in ventilated plastic containers (Berry
Plastics container, 150×125×50 mm) and given freshly treated foliage ad libitum for three days.
After three days, the larvae were moved to similar ventilated containers filled with a 1-2 cm
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layer of moistened potting soil and held at 24 ± 1°C in environmental chambers. The potting soil
was kept moist to ensure pupae did not desiccate. The containers were checked daily until all the
larvae had emerged as adults or were confirmed to have died during pupation. The mass, length,
width at the widest point, and sex of newly emerged beetles were recorded to assess the sexspecific sublethal effects of ledprona on size at emergence. Mass was measured with a digital
balance to the closest mg, and width and length were measured with digital calipers to the
nearest tenth of a mm. Additionally, the number of days to complete pupation was recorded to
determine any effect of ledprona exposure on the speed of pupation. The measurement of the
time to complete pupation was made assuming that all beetles began pupation at day zero when
the larvae were first moved to the containers of moistened potting soil.
All analyses reported throughout this paper were done in R Studio (R Core Team 2021).
Normality of collected laboratory data was assessed using the Shapiro-Wilk test (Royston 1982)
and non-normal data were aligned rank transformed prior to analysis. We used =0.01 because
Shapiro-Wilk test is highly sensitive, while ANOVA is usually sufficiently robust to handle
slight deviations from normality.
Data collected from the survival assay were initially subjected to a chi-square test
(Kassambara 2021) to determine differences between treatments in the proportion of larvae that
successfully emerged. Larvae that did not successfully pupate were removed from the data
before additional analysis. The data were then subjected to a chi-square test to assess it for
differences in sex ratio of emerged beetles and to ANOVAs with treatment and sex as the main
factors to determine differences in pupation rate and beetle size at emergence.
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Mobility
Adult beetles were removed from the colony within 48-hours of emergence and housed
individually in ventilated plastic containers within environmental chambers held at 24 ± 1°C.
Males and females were assessed separately to determine sex-specific effects of ledprona
exposure on mobility. Ten beetles were used per replicate. Beetles were given excised foliage
treated with distilled water or the LC50 of ledprona after eight days (1.9×10-3 g/L). This
concentration of ledprona was used because previous experiments demonstrated that it had a
significant, but sublethal effect on adult beetles seven days after exposure. Beetles were given
treated foliage for three days and then supplied fresh untreated foliage as needed. The
experiment was replicated 18 times.
Mobility was assessed both three and seven days post initial exposure. Mobility was
measured by placing a single beetle in a wind tunnel (58×8×8 cm) with freshly cut potato foliage
upwind of the beetle as described by Insinga et al. (2021). Each trial was terminated after the
beetle had moved toward the foliage by crossing a line on the far side of the wind tunnel, 38 cm
from the release point, or after sixty minutes had elapsed without the beetle crossing the line. The
location of the beetle was checked every minute for the first five minutes and then at five-minute
intervals until the beetle was observed having crossed the line or sixty minutes had passed.
Mobility assay data were analyzed with chi-square tests to assess for differences in the
proportion of beetles that successfully crossed the line within one hour. The Bonferroni
correction was used to adjust the =0.05 for the number of tests performed, resulting in an
=0.00625. This was followed by ANOVAs to assess differences in the speed at which beetles
crossed the line, with treatment and sex as the main effects.
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Reproductive Effects
Adult beetles were collected and housed similarly to those used in the mobility assay.
Beetles were given excised potato foliage treated with a low (LC25 after eight days; 6.59×10-5
g/L) or high (LC90, after eight days; 1.58 g/L) concentration of ledprona or the non-specific
dsRNA control (dsRNA-GFP), or a distilled water control. Adult beetles were sexed, housed
individually, and given freshly treated foliage ad libitum for three days. After three days of
exposure to their respective controls, beetles of opposite sex were paired and supplied untreated
foliage as needed. The experiment was replicated fifteen times.
Reproductive effects were measured by recording the date at which egg deposition began,
the total number of egg deposition events, the number of eggs laid, and the number of larvae
hatched. All egg deposition measures were recorded during the first fourteen days of oviposition
because they are representative of the entire oviposition period (Baker et al. 2005). Collected
eggs were incubated at 24 ± 1°C until hatching, and beetle fertility was estimated by calculating
the proportion of hatched to unhatched beetles in each treatment.
Data were subjected to a chi-square test to assess differences in the proportion of beetle
pairs that laid eggs between the four treatments. Data from beetle pairs that did not lay eggs over
the duration of the bioassay were excluded from further analysis. Repeated-measures ANOVA
(Wobbrock et al. 2011, Kay et al. 2021) were used to determine differences in the number of egg
deposition events, number of eggs laid, and the number of larvae hatched between the
treatments. The proportion of eggs that hatched and the date at which eggs were first laid were
subjected to ANOVA, with treatment as the main factor. All ANOVAs were followed with posthoc comparisons of estimated marginal means (Lenth 2021).
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Sex-Specific Reproductive Effects
The first experiment was performed with beetles that had emerged from pupation within
48-hours, and the second experiment was performed with beetles that had just reached sexual
maturity. Adult beetles were considered to have just reached sexual maturity when egg
deposition began in their cage, usually four to six days post-emergence. All beetles were sexed
and housed individually in the same ventilated plastic containers described above within
environmental chambers held at 24 ± 1°C. Ledprona-treated beetles were given excised foliage
dipped in a low concentration (LC25; 6.59×10-5 g/L) of ledprona for three days while all control
beetles were given distilled water-treated foliage. After three days, the beetles were paired and
arranged into three treatments: an intoxicated male with a control female, a control male with an
intoxicated female, and a control male and female. Both experiments were replicated twenty
times.
Reproductive effects were measured by recording the time for egg deposition to begin,
the total number of egg deposition events, the number of eggs laid, the number of larvae hatched,
and the time for each egg mass to begin hatching. All egg deposition measures were recorded
during the first fourteen days of oviposition (see above). Collected eggs were incubated at 24 ±
1°C until hatching, and beetle fertility was estimated by calculating the proportion of hatched to
unhatched beetles in each treatment. Data were analyzed as described in the preceding section,
with the addition on an ANOVA to determine differences in the number of days required for
eggs to hatch between treatments.
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Results
Effects on Pupation
The proportion of larvae that successfully pupated and emerged as adults was
significantly different between the treatments (χ2=23.58, P<0.001, Figure 3.1). There was no
significant difference in the sex ratio of emerged beetles (χ2=1.25, P=0.741).

Figure 3.1. Average proportion of larvae that successfully pupated and emerged as adults across
all four treatments. Error bars denote standard error about the mean.

When fed excised foliage treated with either concentration of ledprona for three
consecutive days, the proportion of beetles that successfully pupated was significantly lower than
that of beetles given foliage treated with either concentration of the non-specific dsRNA control
(dsRNA-GFP). The number of emerged beetles was relatively low across all four treatments.
However, emergence in both ledprona treatments was still significantly lower than that of both
non-specific dsRNA controls.
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On average, beetles completed pupation and emerged within 14.8±0.3 days. Treatment
effects were not significant. Pupation was assumed to have started the day beetles were
transferred to the container filled with moistened potting soil. With very few exceptions, the
fourth instars burrowed into the soil within 24-hours. The time needed to complete pupation
ranged from 11 to 23 day but did not significantly vary between treatments.
The sex of successfully pupated beetles had a significant effect on their mass
(F1,70=26.94, P<0.001), width (F1,70=23.60, P<0.001), and length (F1,70=40.49, P<0.001) at
emergence. Treatment and the interactive effect of treatment and sex did not significantly affect
size at emergence. On average, beetles had a mass of 103±2 mg, a width of 5.9±0.1 mm, and a
length of 9.2±0.1 mm.
Effects on Adult Mobility
The proportion of females (χ2=0, P=1) and males (χ2=0.138, P=0.709) that crossed the
line within 60 min did not significantly depend on exposure to ledprona three days after initial
exposure (Figure 3.2). After seven days, the proportion of males that crossed the line (χ2=7.314,
P=0.0068) was affected by exposure to ledprona, but the difference was only marginally
significant after performing the Bonferroni correction. The proportion of females that crossed the
line (χ2=14.14, P<0.001) differed between the control and intoxicated beetles seven days after
initial exposure (Figure 3.2).
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Figure 3.2. Average proportion of male and female beetles in both treatments that crossed the
line three and seven days after the bioassay began. Error bars denote standard error about
the mean.

There was no difference in the proportion of control males and females that crossed the
line three (χ2=2.837, P=0.092) and seven (χ2=2.837, P=0.092) days after the bioassay began
(Figure 3.3). Furthermore, there was no difference in the proportion of intoxicated males and
females that crossed the line three (χ2=0.929, P=0.335) and seven (χ2=0.161, P=0.689) days since
their first exposure to ledprona.
The time required for a beetle to cross the line three days after the bioassay began
significantly differed with treatment (F1,56=9.56, P=0.003), sex (F1,56=11.41, P=0.001), and the
interactive effect of treatment and sex (F1,56=10.15, P=0.002) (Figure 3.3). Post-hoc pairwise
comparisons of estimated marginal means demonstrated that the significant variation detected by
the ANOVA was a result of the slower pace of control males. After seven days, none of the
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treatment effects significantly affected the time required for beetles to cross the line, which was.
16±2.5 min on average.

Figure 3.3. Average time in minutes for male and female beetles in both treatments to cross the
line three days after the bioassay began. Error bars denote standard error about the mean.
Letters indicate significant differences among the treatments.

Paired Reproductive Effects
The proportion of beetle pairs that laid eggs significantly differed between the four
treatments (χ2=17.90, P=0.001, Figure 3.4). A similar proportion of pairs treated with the
distilled water control and the low concentration of ledprona produced eggs at some point during
the bioassay. All the pairs exposed to the high concentration of ledprona failed to produce a
single egg mass over the duration of the bioassay. Exposure to the low concentration of the nonspecific dsRNA control (dsRNA-GFP) reduced the proportion of beetles that successfully laid
eggs. However, exposure the high concentration of dsRNA-GFP had the opposite effect,
resulting in the greatest proportion of reproductive beetle pairs.
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Figure 3.4. Proportion of beetle pairs all five treatments that produced at least a single egg mass
during the bioassay. Error bars denote standard error about the mean.

Among beetle pairs that did reproduce, none of the treatment effects had a significant
effect on the number of egg deposition events (3.8±0.5 events), the number of eggs laid
(81.5±21.2 eggs), the number of larvae hatched (40.3±13.7 larvae), the proportion of larvae
hatched (30±7 percent hatched), or the number of days to first produce an egg mass (13.9±1.9
days).
Sex-Specific Reproductive Effects
Treatment had a significant effect on the proportion of beetle pairs that laid eggs when
treated as sexually immature adults (χ2=32.97, P<0.001, Figure 3.5A) and as sexually mature
adults (χ2=6.06, P=0.048, Figure 3.5B). Mating with an intoxicated male did not significantly
reduce the proportion of beetles that produced eggs. However, an intoxicated female was
significantly less likely to produce eggs, and this effect was further exacerbated when the female
was intoxicated before reaching sexual maturity (Figure 3.5).
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Figure 3.5. Proportion of beetle pairs that produced at least one egg mass during the bioassay
when treated as (A) sexually immature adults and as (B) sexually mature adults. Error
bars denote standard error about the mean.

Treatment had a significant effect on the number of egg deposition events in sexually
immature beetles (F2,32=5.09, P=0.012, Figure 3.6). Post-hoc comparisons of estimated marginal
means demonstrated that sexually immature pairs with an intoxicated female had significantly
fewer egg deposition events than pairs with an intoxicated male. Treatment did not have a
significant effect on the number of oviposition events in sexually mature adults. On average,
sexually mature beetle pairs had 8.1±0.6 laying events.
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Figure 3.6. Average number of egg deposition events for beetle pairs that produced at least one
egg mass during the bioassay when treated as sexually immature adults. Error bars denote
standard error about the mean. Letters indicate significant differences among the
treatments.

Treatment did not have a significant effect on the number of eggs laid by beetle pairs
both when treated as sexually immature and as sexually mature adults. On average, sexually
immature beetle pairs laid 269.3±22.4 eggs and sexually mature beetle pairs laid 197.4±24.5
eggs.
Similarly, treatment did not significantly affect the number of larvae produced by beetle
pairs regardless of their sexual maturity. Beetles that were sexually immature at the time of
exposure produced, on average, 203.9±17.8 larvae and sexually mature beetles produced 152.16
larvae.
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There was a significant difference in the proportion of larvae that hatched between
treatments for sexually immature beetles (F2,32=4.51, P=0.019, Figure 3.7). Post-hoc
comparisons of estimated marginal means demonstrated that the proportion of larvae hatched
from eggs laid by control beetle pairs was significantly higher than that of beetle pairs with an
intoxicated female. On average, 67±5 percent of eggs laid by sexually mature beetle pairs
hatched. There was no significant difference in the proportion of eggs hatched when beetles were
treated as sexually mature adults.

Figure 3.7. Average proportion of larvae hatched to eggs laid by beetle pairs that produced at
least one egg mass during the bioassay when treated as sexually immature adults. Error
bars denote standard error about the mean. Letters indicate significant differences among
the treatments.

There was no significant difference in the number of days to first lay eggs between
treatments for sexually immature beetles. On average, sexually immature beetle pairs laid within
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6.9±0.9 days. Treatment did have a significant effect on the time for the first egg mass to be
produced by sexually mature beetles (F2,29=3.91, P=0.031, Figure 3.8). Post-hoc comparisons of
estimated marginal means demonstrated that the difference detected between the sexually mature
treatments existed between control and male intoxicated beetle pairs (Figure 3.8). Male
intoxicated pairs produced their first eggs faster than control pairs on average.

Figure 3.8. Average number of days to first lay eggs by beetle pairs that produced at least one
egg mass during the bioassay when treated as sexually mature adults. Error bars denote
standard error about the mean. Letters indicate significant differences among the
treatments.

Treatment had a significant effect on the number of days for eggs to hatch in sexually
immature beetles (F2,32=4.33, P=0.022, Figure 3.9). Post-hoc comparisons of estimated marginal
means demonstrated that eggs laid by intoxicated female beetle pairs took significantly longer to
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hatch than eggs laid by control beetle pairs (Figure 3.9). Treatment had no significant effect on
the average time for eggs to hatch when beetles were treated as sexually mature adults. Eggs laid
by sexually mature beetle pairs hatched within 5.9±0.1 days, on average.

Figure 3.9. Average number of days for eggs to hatch for beetle pairs that produced at least one
egg mass during the bioassay when treated as sexually immature adults. Error bars denote
standard error about the mean. Letters indicate significant differences among the
treatments.

Discussion
Surviving exposure to ledprona had significant detrimental effects on pupation, mobility,
fertility, and fecundity of affected Colorado potato beetles. This is consistent with the results
presented in chapter two which demonstrated significantly reduced foliage consumption by
beetles intoxicated with ledprona. Sublethal effects in this species were also reported for other
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insecticides (Alyokhin et al. 2009, Alyokhin and Miller 2015), fungicides (Patterson and
Alyokhin 2014, Clements et al. 2018), transgenic plants expressing Bt delta-endotoxin (Hoy and
Head 1995, Alyokhin and Ferro 1999b), and plants grown in manure-amended soil (Alyokhin
and Atlihan 2005). Overall, it is not surprising that despite their widely divergent modes of
action, severe stressors affect health and well-being of surviving Colorado potato beetles.
RNAi is a relatively slow-acting insecticidal mode of action in other coleopteran pests
(Al‐Ayedh et al. 2016, Prentice et al. 2017). Therefore, it is possible that late instar larvae could
begin pupation before succumbing to the lethal effects of RNAi. The results of the survival
bioassay demonstrated that ledprona greatly reduced the proportion of fourth instar larvae that
were able to successfully complete pupation and emerge as adults. Previous field studies
demonstrated that application of ledprona significantly reduced the amount of late instar larvae
present in the field (Pallis Chapter 2). Subsequently, the results of the current study demonstrated
that those late instar larvae that do survive exposure to ledprona are much less likely to complete
pupation. The mechanism that inhibits successful pupation and emergence has not yet been
explored. It is possible that the pupae succumbed to the lethal effects of ledprona while beneath
the soil. From the pest management perspective, reduced pupation success means further
reduction of the resident Colorado potato beetle populations in the next generation. While
exposure to ledprona significantly reduced the number of beetles able to successfully pupate,
ledprona-exposed beetles that completed pupation were similar in size to control beetles.
Ledprona reduced propensity of Colorado potato beetles to walk seven days after the
exposure. Significantly fewer males and females went upwind towards excised potato leaflets.
Alyokhin and Miller (2015) observed a similar reduction in ambulatory activity of beetles
exposed to imidacloprid. Ledprona elicited no such effect three days after the exposure,
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confirming that it is a slow-active chemical. On the third day after the treatment, males feeding
on the treated foliage reached the target sooner compared to males fed on the untreated foliage
and to all females. Increased movement in an untempt to escape ingesting toxic food has been
previously reported for the Colorado potato beetles (Alyokhin and Ferro 1999b), and so has been
a difference in the locomotion of males and females (Alyokhin and Ferro 1999). The difference
disappeared on the seventh day, possibly because by that time the effects of intoxication were
advanced enough to override possible behavioral responses. After seven days, most intoxicated
beetles could still move their legs. However, they appeared to be unable to move or flex their
tarsal segments, leaving the last part of their leg bent upwards. The intoxicated beetles moved
slowly using their tibia to walk and were unable to create enough friction to climb the walls of
the wind tunnel.
Ledprona had a significant negative effect on Colorado potato beetle reproduction.
Sexually immature beetles were more affected compared to the sexually mature beetles, and
females were more affected than males. This is not surprising because sexual maturation requires
proper functioning of a maturing organism. Also, oogenesis is a more demanding process than
spermatogenesis because eggs are larger and richer in stored resources. Alyokhin et al. (2009)
also reported that effects of an insect growth regulator novaluron were more severe in immature
beetles. Similarly, Navarro-Roldán et al. (2017) demonstrated that three species of moths in the
family Tortricidae experienced significant differences in organophosphate susceptibility between
the sexes. Their results demonstrated that females were more susceptible than males because of
physiological differences between the sexes. Exploring how RNAi efficacy varies between the
sexes will provide a more complete understanding of this developing technology and how its use
might affect insect pest sex ratios.
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The average time to produce the first egg mass was slightly longer for beetle pairs treated
with low concentration of ledprona in the overall reproductive bioassay. However, the high
variation in the average number of days to lay resulted in a non-significant difference between
the treatments. Similarly, from the data presented in Figure 3.8, treating sexually immature
females with a low concentration of ledprona appeared to slow down the rate at which the beetle
pairs could produce their first eggs mass. Only three pairs of beetles in the female intoxicated
treatment laid eggs when treated as sexually immature adults. The pairs laid after 2, 13, and 22
days and because of the low sample size and high variation, Dixon’s test did not mark any of
them as an outlier. Even low concentrations of ledprona significantly reduced the proportion of
beetles that successfully laid eggs, resulting in relatively low sample sizes for the following
analyses on the measures of fertility and fecundity.
Rather unexpectedly, dsRNA-GFP had a negative effect on the Colorado potato beetle
reproduction. We do not have a good explanation for the observed phenomenon, as this dsRNA
interferes with the production of a green fluorescent protein that is not known to be present in the
Colorado potato beetles. Furthermore, the effect was manifested only at a lower dsRNA-GFP
concentration. It is possible that the concentration was sufficient for interfering with its target but
not high enough to trigger defense mechanisms. RNAi is a relatively recent technology.
Moreover, its mode of action is drastically different from that of conventional insecticides that
target post-translation receptors. Therefore, additional research is needed to explain the observed
phenomenon. Nunes et al. (2013) demonstrated that dsRNA derived from green fluorescent
protein had significant effects on gene expression in Apis mellifera L. Double-stranded RNA
from green fluorescent protein is often used as negative control in RNAi bioassays. However,
given the results of the present study and those of Nunes et al. (2017), this non-specific dsRNA
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control may have more effects on insects that do not express GFP than previously thought. Our
finding highlights the importance of thorough non-target toxicity testing for new dsRNA
molecules because their structure alone may not be sufficient for predicting their behavior in
vivo.
Sublethal effects observed in our experiments can further increase the efficacy of
ledprona by significantly reducing the ability of potato beetles to complete their life cycle, move
within and between fields, and reduce the population growth rate of surviving beetles.
Laboratory experiments by Willow et al. (2021) even suggested that chronic exposure to low
doses of dsRNA was more efficient in killing pollen beetles Brassicogethes aeneus F.
(Coleoptera: Nitidulidae) than acute exposure to the same compound. Sublethal effects may also
increase ledprona’s value as a component of integrated pest management programs because they
are likely to weaken defenses of intoxicated beetles against other control techniques, such as
biological control. For example, Furlong and Groden (2001) found synergism between sublethal
doses of imidacloprid and entomopathogenic fungus Beauveria bassiana (Balsamo) Vuillemin
against the Colorado potato beetle. Sublethal doses of Bt delta-endotoxin also facilitated
parasitism of the beetle larvae by Myiopharus doryphorae (Riley) (Diptera: Tachinidae) (López
and Ferro 1995).
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CHAPTER 4
VARIATION IN THE SUSCEPTIBILITY TO LEDPRONA AMONG
GEOGRAPHICALLY DISTINCT POPULATIONS OF
COLORADO POTATO BEETLE
Introduction
The cultivated potato, Solanum tuberosum L., is preceded only by rice, wheat, and corn
in its importance as a global food crop. Reductions in tuber quantity and quality can have serious
implications for human food security (Camire et al. 2009). Leptinotarsa decemlineata (Say), the
Colorado potato beetle, has been a destructive pest of the potato for over a century. The Colorado
potato beetle is native to the American Southwest and Mexico, but its range has expanded since
the species first description, and the Colorado potato beetles has become a widespread
agricultural pest. The Colorado potato beetle has a complex and flexible life history that has
allowed the species to broaden its geographic range and excel in agricultural environments
(Biever and Chauvin 1990, Weber 2003).
Upon introduction to new areas, populations of Colorado potato beetle are often subject
to the founder effect, resulting in a less genetically diverse population compared to that of the
population they originated from (Alyokhin et al. 2013b). Gene flow and genetic variation
between North American populations of Colorado potato beetles are not fully understood.
However, previous studies have demonstrated that North American populations of Colorado
potato beetles are both geographically and genetically isolated from each other with relatively
low gene flow (see Alyokhin et al. 2013 for a review). This geographic and genetic isolation has
led to variation in insecticide resistance (Crossley et al. 2018, Dively et al. 2020, Klein et al.
2021) and, in some cases, in overall fitness (Groden and Casagrande 1986, Chen et al. 2014).
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Understanding geographic variation in insecticide resistance can help facilitate the
implementation of management protocols that both protect crops and manage the development of
insecticide resistance.
Insecticides have become the cornerstone of pest management. Many growers rely
heavily on repeated applications of a limited number of insecticides to control insect pests
throughout the season, often employing relatively few non-chemical means of control. As a
result, it is integral that insecticidal formulations remain stable during application in aqueous
solutions. Without buffers, some insecticides are quickly degraded in aqueous solutions with a
pH above four or five (Jarvis et al. 1998, Cutler and Scott-Dupree 2007). Additionally, some
insecticides can be broken down and degraded by microbial activity (R. Foster et al. 2004).
Given the recent interest in RNAi as an agricultural tool, Fischer et al. (2017) demonstrated that
dsRNA molecules are degraded relatively quickly in natural water systems and become
undetectable within seven days. Different facets of water chemistry, not limited to pH and
microbial load, have the potential to significantly affect insecticide efficacy through various
methods of degradation. It is to be expected that water properties are different at different
geographic locations. Ensuring that dsRNA insecticides remain effective throughout their
application range is essential for their implementation as a control method in agricultural
systems.
RNA interference (RNAi) is a relatively new technology in animals that involves the
ingestion of double or single stranded RNA molecules into a target organism with the goal of
knocking down or silencing the function of a target gene or genes. Ledprona is a recently
developed double-stranded RNA (dsRNA) insecticide for foliar application. It targets the
synthesis of the proteasome subunit beta 5 (dsPSMB5), impeding the removal of damaged
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proteins and leading to the buildup of poly-ubiquitinated protein in potato beetle cells.
Laboratory, greenhouse, and field studies have demonstrated that ledprona offers good control
against Colorado potato beetles both by decreasing damage done by feeding and increasing
beetle mortality (Rodrigues et al. in review, Pallis Chapter 2).
RNAi efficacy is known to vary among geographically distinct populations of a species
(Sugahara et al. 2017, Mehlhorn et al. 2020). Understanding the extent of this variation in
responsiveness to ledprona is important for controlling geographically distinct populations of
Colorado potato beetles while managing insecticide resistance. The present study sought to
explore how the effects of ledprona on feeding and mortality vary between populations of
Colorado potato beetles through excised leaf bioassays on second instars. Additionally, we set
out to determine how varying water chemistry affects ledprona efficacy within a single
population of second instar potato beetles in excised leaf bioassays.
Materials and Methods
Geographic Variation
During the 2020 field season, Colorado potato beetle eggs were collected from untreated
field plots in New York, Oregon, Presque Isle, Washington, and Wisconsin. Eggs masses were
shipped to the University of Maine campus at Orono. Egg masses were kept in environmental
chambers (Series 33 Controlled Environment Chamber, Percival Scientific Inc., Perry, IA) held
at 24 ± 1°C. Hatched larvae were raised to the second instar on potted potato plants in wooden
cages with mesh sides and roofs as described by Galimberti and Alyokhin (2018). Ten second
instar larvae were collected from the colony and placed into a Petri dish (90 by 15 mm) lined
with a damp paper towel on the bottom.
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The larvae were then given an excised potato leaf treated with distilled water, a low
concentration (2.40×10-7 g/L), or a moderate concentration (4.75×10-5 g/L) of ledprona,
replicated five times. The concentrations were selected from data generated by a variable dose
bioassay conducted with second instars from the UMaine Presque Isle potato beetle colony
(Rodrigues et al. in review). The low concentration was the lethal concentration required to kill
50% of larvae (LC50) after eight days and the moderate concentration was the lethal
concentration required to kill 90% of larvae (LC90) after eight days. Petri dishes were arranged
in randomized complete block design and kept in an environmental chamber at 24±1°C.
The experiment was repeated with minor alteration during the 2021 field season wherein
adult beetles were collected from untreated fields in upstate New York, Minnesota, Oregon,
Presque Isle, and Virginia. The adults were maintained on potato plants in the previously
described cages. All deposited egg masses were collected and incubated in environmental
chambers held at 24 ± 1°C. The hatched larvae were raised to second instar and collected from
the colony following the protocol used in 2020.
During 2021, the second instars were given excised potato foliage leaf treated with
distilled water, a similar low concentration (5.56×10-7 g/L), or a high concentration (6.62×10-1
g/L) of ledprona, replicated five times. The new concentrations were selected from data
generated by a variable dose bioassay performed on second instars from the UMaine Orono
potato beetle colony and correspond to the LC50 and LC90 after nine days (Pallis Chapter 2).
Petri dishes were arranged in randomized complete block design and kept in an environmental
chamber at 24±1°C.
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The daily leaf area consumed in each Petri dish was measured using a leaf area meter (LI3100, LI-COR Inc, Lincoln, NE). Freshly treated potato leaves were added daily to replace
consumed or deteriorated foliage. The rate of leaf consumption per surviving beetle was
calculated as the area of leaf consumed that day divided by the number of beetles alive on the
same day.
Raw mortality was measured daily, and beetles were considered dead after being probed
with a soft brush or forceps yielded no reaction. Raw mortality was then corrected for
background control mortality using Abbott’s formula (Abbott 1925).
Water Chemistry Variation
Colorado potato beetles for use in the water chemistry assays were collected from the
UMaine Orono colony. Our colony originated from eggs collected in Aroostook Research Farm
in Presque Isle, ME. The colony has since been maintained on potted potato plants in the cages
described above. Wild eggs from Aroostook Research farm were mixed with eggs from the
laboratory colony in a 50:50 proportion annually to maintain genetic diversity.
During 2020, six water samples were collected from Michigan Agricultural Research
(WS1), Agwise Research Northwood, ND (WS2), CMS, Inc. Germanville, PA (WS3), Aurora,
SD, S65 (WS5), Arlington, WI, (WS6), and Aroostook Research Farm, Presque Isle, ME (WS7)
and used in detached leaf bioassays on second instar Colorado potato beetles. Beetles were
reared, collected, and housed using the same protocol as described above. For each water source,
second instars were fed excised potato foliage treated with the water itself, a low concentration
dilution of ledprona (2.37×10-7 g/L), or a high concentration dilution of ledprona (1.29×10-4 g/L)
in that water. The experiment was replicated five times. The concentrations were selected as
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explained above. Leaf consumption was not measured during this bioassay. Mortality was
recorded following the procedure outlined in the geographic variation section.
The experiment was repeated with alteration in 2021. The same six water samples were
used in similar detached leaf bioassays. Water from each sample was used to prepare a high
concentration of ledprona (6.62×10-1 g/L) corresponding to LC90 after nine days from Orono
variable dose bioassay (see above). Second instars were fed on excised potato leaves treated with
ledprona diluted in one of the six water sources, ledprona diluted in distilled water, a nonspecific dsRNA control (dsRNA-GFP) diluted in distilled water at the same high concentration
of 6.62×10-1 g/L, or a distilled water control. All ledprona and dsRNA-GFP treatments were
applied both immediately and 24-hours after mixing the dilutions (16 treatments plus one
control). The experiment was replicated five times. Mortality and leaf consumption were
recorded daily as previously described.
Statistical Analyses
All statistical analyses were conducted in R Studio (R Core Team 2021). The normality
of collected data was assessed using the Shapiro-Wilk test (Royston 1982) and an  = 0.01
because this test is highly sensitive, while ANOVA is usually sufficiently robust to handle slight
deviations from normality. Non-normal data were aligned rank transformed prior to analysis
(Kay et al. 2021). Data on total leaf area consumption over nine days were subjected to ANOVA
with treatment as the main factor. Data on daily measurements including leaf area consumed per
beetle, control mortality, and Abbott’s corrected mortality were subjected to repeated-measures
ANOVA (Wobbrock et al. 2011, Kay et al. 2021) with treatment and time as the main effects.
All ANOVAs were followed by post-hoc comparisons of the estimated marginal means in R
(Lenth 2021).
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Abbott’s corrected mortality data collected in 2021 were subjected to a two-way repeated
measures ANOVA with water source and solution age as the main effects to determine if
solution age affected the lethality of ledprona. Because the interaction between water source and
solution age was significant (see below), that test was followed with subsequent one-way
repeated measures ANOVAs with water sample as the main effect to assess the variation in
lethality among water samples of a single solution age. Data on leaf consumption could not be
subjected to a similar two-way repeated measures ANOVA without creating an unbalanced
design but were analyzed with similar one-way ANOVAs and one-way repeated measures
ANOVAs for consistency.
Results
2020 Geographic Variation
Total leaf area consumed during the nine-day bioassay was significantly different among
locations for beetles given excised leaves treated with the distilled water control (F4,20=6.46,
P=0.002, Figure 4.1A) and the moderate dose of ledprona (F4,20=16.78, P<0.001, Figure 4.1C).
However, there was no significant difference among locations for beetles exposed to the low
dose of ledprona (F4,20=2.09, P=0.119, Figure 4.1B).
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Figure 4.1. Mean total leaf area consumed by (A) beetles treated with the distilled water control,
(B) low dose of ledprona (2.40×10-7 g/L), and (C) the moderate dose of ledprona
(4.75×10-5 g/L) in 2020. Error bars denote standard error about the mean. Letters indicate
significant differences among the treatments.
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After converting to daily leaf area consumed per beetle, location where the water sample
was taken (F4,180=15.49, P<0.001, Figure 4.2A), time since first exposure (F8,180=101.27,
P<0.001, Figure 4.2A), and the interactive effect of location and time (F32,180=1.55, P=0.039,
Figure 4.2A) significantly affected the per beetle feeding rate of beetles given the distilled water
control. Location (F4,180=7.26, P<0.001, Figure 4.2B), time (F8,180=63.92, P<0.001, Figure 4.3B)
but not the interactive effect of location and time since first exposure (F32,180=1.43, P=0.078,
Figure 4.3B) had a significant effect on daily leaf area consumed per beetle exposed to the low
dose of ledprona. When exposed to the moderate concentration of ledprona the daily leaf area
consumed per beetle significant varied with location (F4,180=42.32, P<0.001, Figure 4.2C), time
since first exposure (F8,180=19.59, P<0.001, Figure 4.3C), and the interactive effect of location
and time (F32,180=5.41, P<0.001, Figure 4.3C).
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Figure 4.2. Mean daily leaf area consumed per beetle by (A) beetles treated with the distilled
water control, (B) low dose of ledprona (2.40×10-7 g/L), and (C) the moderate dose of
ledprona (4.75×10-5 g/L) in 2020. Error bars denote standard error about the mean.
Letters indicate significant differences among the treatments.
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Leaf consumption significantly differed among the beetles that had not been intoxicated.
Most notably, the mean daily leaf area consumption per beetle from Wisconsin and Washington
was significantly lower than that of control beetles from Presque Isle, Oregon, and New York.
The leaf consumption rate of the control beetles significantly varied with time, which suggested
that differences in the voraciousness of these beetle strains did not become less pronounced as
the second instars progressed into their more destructive third and fourth instars.
Both the total leaf area consumed, and the daily leaf area consumed per beetle were much
more similar between locations after exposure to the low concentration of ledprona when
compared to the distilled water control. Post-hoc comparisons of estimated marginal means
demonstrated that, when averaged across all nine days, beetles from the Washington population
consumed at a lower rate than the other four populations. This low concentration of ledprona did
not drastically retard the feeding of these five populations of beetles. Beetles from New York,
Oregon, and Washington also did not suffer drastically reduced feeding after exposure to the
moderate concentration of ledprona. At the same time, Wisconsin and Presque Isle beetles
suffered significant reductions in average per beetle feeding rate when exposed to the moderate
concentration of ledprona. Exposure to the moderate concentration of ledprona in 2020 resulted
in significant variation in both total leaf consumption and the per beetle leaf consumption among
these five populations.
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Figure 4.3. Average daily leaf area consumed per beetle treated with the (A) distilled water
control, (B) the low concentration (2.40×10-7 g/L), and (C) the moderate concentration
(4.75×10-5 g/L) of ledprona throughout the nine-day bioassay in each of the assessed
populations in 2020. Error bars denote standard error about the mean.

There was slight but significant variation among the beetle populations when treated with
the distilled water control (Figure 4.3A) and the low dose of ledprona (Figure 4.3B). Exposure to
the low dose of ledprona did not appear to significantly inhibit larval feeding compared to the
distilled water control. When exposed to the moderate concentration of ledprona, both the
Presque Isle and Wisconsin populations exhibited significantly lower feeding rates than the other
three populations around six days after the first exposure (Figure 4.3C). There appeared to be
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significant variation in ledprona sensitivity between geographically distinct populations in 2020
regarding their post-exposure feeding response.
Control mortality significantly varied among the tested locations (F4,180=16.48, P<0.001,
Figure 4.4). It was also significantly affected by the time since first exposure (F8,180=11.55,
P<0.001, Figure 4.5A), but not by the interactive effect of time since first exposure and location
(F32,180=1.26, P=0.173, Figure 4.5A).
When treated with the low dose of ledprona, Abbott’s corrected mortality did not
significantly differ among locations (F4,180=2.09, P=0.084, Figure 4.4) or with the interactive
effect of time and location (F32,180=0.43 P=0.997, Figure 4.5B). However, time since first
exposure (F8,180=3.38, P=0.001, Figure 4.5B) did have a significant effect on Abbott’s corrected
mortality in beetles exposed to a low concentration of ledprona. Following exposure to a
moderate concentration of ledprona, Abbott’s corrected mortality significantly differed among
locations (F4,180=43.93, P<0.001, Figure 4.4), time since first exposure (F8,180=72.43, P<0.001,
Figure 4.5C), and the interactive effect of time since first exposure and location (F32,180=4.70,
P<0.001, Figure 4.5C).
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Figure 4.4. Mean raw mortality of beetles treated with the distilled water control, (B) Abbott’s
corrected mortality of beetles treated with a low dose of ledprona (2.40×10-7 g/L), and
(C) Abbott’s corrected mortality of beetles treated with the moderate dose of ledprona
(4.75×10-5 g/L) in 2020. Error bars denote standard error about the mean. Letters indicate
significant differences among the treatments.
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There was significant variation in control mortality between the five locations. Control
beetles from New York and Presque Isle experienced significantly less mortality than beetles
from the other three populations. However, all control mortality was acceptably low despite the
variation detected among locations. After correcting for control mortality, there was no
significant difference in mortality between any of the five populations after exposure to a low
dose of ledprona. All five populations experienced less than 50 percent mortality nine days after
initial exposure and were relatively slow to succumb to this concentration of ledprona.
Washington and New York beetles did not significantly differ in their Abbott’s corrected
mortality when averaged across time. Furthermore, post-hoc comparisons demonstrated that
beetles from Wisconsin experienced significantly higher corrected mortality than any other
population when treated with the moderate concentration of ledprona.
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Figure 4.5. (A) Average daily raw mortality in each assessed population treated with the distilled
water control and the average daily corrected mortality in each population treated with
the (B) low concentration (2.40×10-7 g/L) and (C) the moderate concentration (4.75×10-5
g/L) of ledprona throughout the nine-day bioassay in 2020. Error bars denote standard
error about the mean.

Overall, the Colorado potato beetles used in 2020 did not strongly respond to the low
concentration of ledprona and were relatively slow to respond to the moderate concentration,
experiencing significant mortality six to seven days post exposure. On average, corrected
mortality of beetles treated with the low dose did not exceed 25%. However, the results in Figure
4.5 clearly demonstrated the variation in lethal response to ledprona exposure among
geographically distinct beetle populations. All five populations exhibited similar corrected
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mortality when treated with the low concentration of ledprona, while exposure to a higher dose
of ledprona resulted in significant variation among the populations. Most notably, beetles from
New York experienced very low mortality even after exposure to a concentration of ledprona
that resulted in near complete mortality in other populations.
2021 Geographic Variation
The total leaf area consumed across the nine-day bioassay significantly differed among
locations for beetles fed leaves treated with the distilled water control (F4,20=19.07, P<0.001,
Figure 4.6A), the low concentration of ledprona (F4,20=5.82, P=0.002, Figure 4.6B), and the high
concentration of ledprona (F4,20=16.35, P<0.001, Figure 4.6C).
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Figure 4.6. Mean total leaf area consumed by (A) beetles treated with the distilled water control,
(B) low dose of ledprona (5.56×10-7 g/L), and (C) the high dose of ledprona (6.62×10-1
g/L) in 2021. Error bars denote standard error about the mean. Letters indicate significant
differences among the treatments.
87

After converting to the daily leaf area consumed per beetle, the effect of location
remained significant for beetles treated with the distilled water control (F4,180=61.31, P<0.001,
Figure 4.7A), the low dose of ledprona (F4,180=20.94, P<0.001, Figure 4.7B), and the high dose
of ledprona (F4,180=38.09, P<0.001, Figure 4.7C).
The effect of time since first exposure also had a significant effect on the daily leaf area
consumed by beetles treated with the distilled water control (F8,180=116.72, P<0.001, Figure
4.8A), the low dose of ledprona (F8,180=4.11, P<0.001, Figure 4.8B), and the high dose of
ledprona (F8,180=6.90, P<0.001, Figure 4.8C). Similarly, the interactive effect of time and
location significantly affected the daily leaf consumption per beetle treated with the distilled
water control (F32,180=4.63, P<0.001, Figure 4.7A), the low dose of ledprona (F32,180=2.28,
P<0.001, Figure 4.7B), and the high dose of ledprona (F32,180=1.97, P=0.003, Figure 4.7C).
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Figure 4.7. Mean daily leaf area consumed per beetle by (A) beetles treated with the distilled
water control, (B) low dose of ledprona (5.56×10-7 g/L), and (C) the high dose of
ledprona (6.62×10-1 g/L) in 2021. Error bars denote standard error about the mean.
Letters indicate significant differences among the treatments.
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Leaf consumption varied significantly among the populations of beetles that had not been
intoxicated by ledprona. Control beetles from New York and Minnesota had significantly higher
daily leaf area consumption per beetle than the other three populations. This slight, but
significant variation in feeding among geographically distinct populations of Colorado potato
beetles was consistent with the results of the 2020 geographic variation assay.
Beetles were substantially more responsive to the low concentration of ledprona in 2021
than in 2020. Larvae from all five locations experienced substantially reduced total leaf area
consumption and daily leaf area consumption per beetle compared to the distilled water control.
Post-hoc comparisons of estimated marginal means demonstrated that New York beetles
exhibited significantly higher total feeding and feeding rate than beetles from Minnesota,
Presque Isle, and Virginia. The daily leaf area consumed per Oregon beetle was also significantly
higher than that of beetles from every location except New York when treated with the low
concentration of ledprona.
The most striking detail in Figures 4.6 and 4.7 and was the response of New York beetles
to the high concentration of ledprona. The total leaf area consumed by New York beetles after
exposure to this high concentration was significantly higher than that of beetles from every
location excepting Minnesota. After converting to the daily leaf area consumed per beetle, New
York larvae exhibited a significantly higher feeding rate than beetles from the other four
locations. Colorado potato beetles from New York appeared to be relatively tolerant to exposure
to a concentration of ledprona that almost entirely prevented feeding in beetles from other
locations.
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Figure 4.8. Average daily leaf area consumed per beetle treated with the (A) distilled water
control, (B) the low concentration (5.56×10-7 g/L), and (C) the high concentration
(6.62×10-1 g/L) of ledprona throughout the nine-day bioassay in each of the assessed
populations in 2021. Error bars denote standard error about the mean.

When treated with the low concentration of ledprona, the daily leaf area consumed by
New York beetles was significantly higher than that of Minnesota, Presque Isle, and Virginia
beetles. The per beetle feeding rates of New York and Oregon beetles did not significantly differ
when exposed to the low concentration of ledprona, especially seven to nine days post initial
exposure. However, when treated with the high concentration of ledprona, beetles from the New
York population consumed significantly more foliage than beetles from the other four
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populations. The significant variation in the feeding rates of distilled water-treated beetles did
not correspond with the variation reported in either of the intoxicated treatments.
Control mortality significantly varied among locations (F4,180=14.58, P<0.001, Figure
4.9A). It also significantly varied with time since first exposure (F8,180=8.04, P<0.001, Figure
4.10A), but not with the interactive effect of time since first exposure and location (F32,180=1.19,
P=0.231, Figure 4.10A).
Abbott’s corrected mortality significantly differed among locations (F4,180=39.43,
P<0.001, Figure 4.9B) for beetles exposed to the low concentration of ledprona in 2021. Time
since first exposure (F8,180=68.43, P<0.001, Figure 4.10B) and the interactive effect of time and
location (F32,180=6.67, P<0.001, Figure 4.10B) also had significant effects on Abbott’s corrected
mortality.
Corrected mortality of beetles exposed to the high concentration of ledprona significantly
varied with location (F4,180=47.22, P<0.001, Figure 4.9C), time since first exposure
(F8,180=176.31, P<0.001, Figure 4.10C), and the interactive effect of time and location
(F32,180=5.38, P<0.001, Figure 4.10C).

92

Figure 4.9. Mean (A) raw mortality of beetles treated with the distilled water control, (B)
Abbott’s corrected mortality of beetles treated with a low dose of ledprona (5.56×10-7
g/L), and (C) Abbott’s corrected mortality of beetles treated with the high dose of
ledprona (6.62×10-1 g/L) in 2021. Error bars denote standard error about the mean.
Letters indicate significant differences among the treatments.
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Mortality of beetles treated with distilled water was significantly lower in beetles from
New York than from any other location. There was slight but significant variation in raw
mortality between the five locations. Despite the significant variation detected, control mortality
was acceptably low in all five locations.
Beetles from Minnesota, Oregon, Presque Isle, and Virginia all had a strong lethal
response to the low concentration of ledprona in 2021. New York mortality was significantly
lower than that of beetles from any of the other locations after exposure to both the low and high
concentrations of ledprona. New York beetles displayed a relatively strong tolerance to ledprona
when compared to the lethal response of beetles from the other assessed locations, all of which
experienced complete mortality within nine days. There was significant variation among the
other four locations, but the variation was slight, and all four populations appeared to be
susceptible to ledprona.
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Figure 4.10. (A) Average daily raw mortality in each assessed population treated with the
distilled water control and the average daily corrected mortality in each population
treated with the (B) low concentration (5.56×10-7 g/L) and (C) the moderate
concentration (6.62×10-1 g/L) of ledprona throughout the nine-day bioassay in 2021.
Error bars denote standard error about the mean.

The Colorado potato beetles used in 2021 responded strongly to both the low and high
concentrations of ledprona used. The lethal response of beetles from the five locations
demonstrated that there is significant variation in susceptibility to ledprona among
geographically distinct populations. Furthermore, there appeared to be variation in both the
overall strength of the lethal effects as well as the rate at which these beetle population
succumbed to them.
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2020 Water Chemistry
There was significant variation in mortality among the water samples for beetles given
the water sample control (F5,216=12.04, P<0.001, Figure 4.11A). Control mortality also
significantly varied with time (F8,216=10.00, P<0.001, Figure 4.12A) but not with the interactive
effect of time and water sample (F40,216=1.24, P=0.168, Figure 4.12A). After performing
Abbott’s correction, there was a significant effect of water sample (F5,216=2.44, P=0.035, Figure
4.11B) and time since first exposure (F8,216=13.73, P<0.001, Figure 4.12B), but not their
interactive effect (F40,216=0.89, P=0.646, Figure 4.12B) on beetles exposed to the low
concentration of ledprona. Following exposure to the high concentration of ledprona, water
sample (F5,216=15.28, P<0.001, Figure 4.11C), time (F8,216=18.01, P<0.001, Figure 4.12C), and
the interactive effect of time and water sample (F40,216=2.24, P<0.001, Figure 4.12C) had a
significant effect on Abbott’s corrected mortality.
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Figure 4.11. Mean (A) raw mortality for beetles treated with the unintoxicated water samples
and Abbott’s corrected mortality of beetles exposed to (B) the low concentration of
ledprona (2.37×10-7 g/L) and the (C) high concentration of ledprona (1.29×10-4 g/L) in
each water sample. Error bars denote standard error about the mean. Letters indicate
significant differences among the treatments.
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Post-hoc comparisons of estimated marginal means demonstrated that the significant
variation detected in control mortality existed between the WS1 and the five other water samples
(Figure 4.11A). Despite the significant variation detected, control mortality was acceptably low
and none of the assessed water samples appeared to directly influence beetle mortality.
There was significant variation in the lethal response of beetles exposed to a low
concentration of ledprona diluted in the water samples. Post-hoc comparisons of Abbott’s
corrected mortality demonstrated that ledprona diluted in WS2 resulted in significantly less
mortality than ledprona diluted in WS5 and WS7 when averaged across time. The lethal response
of beetles treated with the high concentration of ledprona diluted in the different water samples
varied broadly among and within the samples. Beetles given ledprona diluted in water from the
first, second, and seventh samples were relatively unresponsive to the insecticide. Furthermore,
beetles treated with ledprona diluted in WS5 exhibited higher corrected mortality than beetles
treated with a high concentration of ledprona in all water samples, excepting WS3.
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Figure 4.12. (A) Average daily mortality of beetles given the unintoxicated water samples and
the daily Abbott’s corrected mortality of beetles given the low (2.37×10-7 g/L) and high
(1.29×10-4 g/L) concentration of ledprona diluted in each of the six water samples. Error
bars denote standard error about the mean.

Mortality was low and beetles were relatively slow to respond to the lethal effects of
ledprona when diluted in any of the six water sources in 2020. However, the results
demonstrated that there is significant variation in the lethality of ledprona among water samples
with varying chemistries. Ledprona diluted in water sample five appeared to have an increased
lethal effect on the treated beetles at a high concentration. There was slight and significant

99

variation in mortality among the six water samples, but there did not appear to be a clear
relationship between ledprona concentration and mortality across all assessed water samples.
2021 Water Chemistry
Water sample (F7,576=52.91, P<0.001), solution age (F1,576=175.27, P<0.001), and time
since first exposure (F8,576=456.96, P<0.001) had a significant effect on Abbott’s corrected
mortality. Additionally, the interactive effects of water sample and solution age (F7,576=13.96,
P<0.001), water sample and time since first exposure (F56,576=8.64, P<0.001), and solution age
and time (F8,576=17.82, P<0.001) had a significant effect on Abbott’s corrected mortality. The
three-way interaction of water sample, solution age, and time since first exposure also
significantly affected Abbott’s corrected mortality. Subsequent ANOVAs were conducted to
understand this variation in mortality among water samples in solutions of each age.
Water sample (F8,324=60.82, P<0.001, Figure 4.13A), time (F8,324=192.26, P<0.001,
Figure 4.14A), and the interactive effect of time since first exposure and water sample
(F64,324=9.13, P<0.001, Figure 4.14A) had a significant effect on the corrected mortality of
beetles treated immediately after making dilutions. This was consistent with the corrected
mortality of beetles treated with dilutions made 24-hours in advance which significantly varied
with water sample (F8,324=57.64, P<0.001, Figure 4.13B), time since first exposure
(F8,324=290.06, P<0.001, Figure 4.14B), and the interactive effect of time and water sample
(F64,324=11.11, P<0.001, Figure 4.14B).
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Figure 4.13. Mean Abbott’s corrected mortality for beetles treated with solutions made (A)
immediately before treatment and (B) 24-hours prior to treatment. Error bars denote
standard error about the mean. Letters indicate significant differences among the
treatments.
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Exposure to solutions of ledprona prepared 24-hours in advance appeared to result in
slightly higher corrected mortality in several of the water samples, especially WS1, WS2, and
WS5 which all experienced complete, or near complete mortality on average. This is consistent
with the results of the two-way repeated measures ANOVA. Excluding the distilled water
control, corrected mortality was lowest in beetles treated with dsRNA-GFP. However, corrected
mortality was significantly higher in beetles treated with dsRNA-GFP that had been diluted 24hours in advance than with the distilled water control. There appeared to be significant variation
in the lethal response to ledprona exposure among water samples whether dilutions were made
immediately or 24-hours before treatment.

Figure 4.14. Average daily raw mortality for beetles treated with the dilutions made (A)
immediately and (B) 24-hours before treatment in 2021. Error bars denote standard error
about the mean.

There was significant variation in ledprona lethality among the water samples used to
dilute ledprona despite each intoxicated treatment reaching near complete mortality. The
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variation in lethality was slight, regardless of when the dilution was made, but there was still
significant variation in overall mortality and the rate at which the intoxicated beetles died.
Beetles treated with dsRNA-GFP that had been diluted 24-hours prior to treatment experienced
significantly greater mortality than the distilled water control and beetles that had been exposed
to dsRNA-GFP mixed immediately before treatment.
Water sample had a significant effect on the total leaf area consumed during the nine-day
bioassay when beetles were treated with dilutions made immediately before (F8,36=7.27,
P<0.001, Figure 4.15A) or 24-hours before treatment (F8,36=5.41, P<0.001, Figure 4.15B).
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Figure 4.15. Mean total leaf area consumption of beetles when treated with solutions made (A)
immediately before treatment and (B) 24-hours prior to treatment. Error bars denote
standard error about the mean. Letters indicate significant differences among the
treatments.
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Post-hoc comparisons of the estimated marginal means demonstrated that there was no
significant variation in total leaf consumption among any of the ledprona-treated beetles when
the dilution was made immediately of 24-hours before treatment. The significant variation
detected in feeding response existed between the ledprona-treated beetles and that of the nonspecific dsRNA control (dsRNA-GFP) and the control. The total leaf consumption of these two
controls was higher than every ledprona treatment except for ledprona diluted in water sample
two when diluted immediately (Figure 4.15A) and water sample six when diluted in advance
(Figure 4.15B).
When treated with dilutions made immediately before treatment, water sample
(F8,324=34.13, P<0.001, Figure 4.16A), time since first exposure (F8,324=6.44, P<0.001, Figure
4.17A), and the interactive effect of time and water sample (F64,324=5.16, P<0.001, Figure 4.17A)
had a significant effect on the daily leaf area consumed per beetle. When the dilutions were made
24-hours in advance water sample (F8,324=33.21, P<0.001, Figure 4.16B), time since first
exposure (F8,324=7.85, P<0.001, Figure 4.17B), and the interactive effect of time and water
sample (F64,324=5.62, P<0.001, Figure 4.17B) had a significant effect on daily leaf consumption
per beetle.
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Figure 4.16. Mean daily leaf area consumed per beetle treated with solutions made (A)
immediately before treatment and (B) 24-hours prior to treatment. Error bars denote
standard error about the mean. Letters indicate significant differences among the
treatments.
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After converting total leaf area consumed to daily leaf area consumed per beetle, post-hoc
comparisons demonstrated that beetles treated with dsRNA-GFP and the control had
significantly higher per beetle feeding rates than any ledprona-treated beetles. This was
consistent in ledprona dilutions made both immediately and 24-hours before treatment. There
was significant variation between the feeding rate of beetles exposed to ledprona that had been
diluted in WS1 and WS6 when treated with a solution prepared 24-hours in advance.

Figure 4.17. Average daily leaf area consumed per beetle treated with the dilutions made (A)
immediately and (B) 24-hours before treatment in 2021. Error bars denote standard error
about the mean.
Exposure to the concentration of ledprona used in 2021 (6.62×10-1 g/L) greatly reduced
the per beetle feeding rate when diluted in any water sample compared to both the dsRNA-GFP
control and the distilled water control. Ledprona appeared to effectively inhibit larval feeding
when treated with solutions made both immediately and 24-hours before treatment. There was
relatively little variation in the feeding response of all ledprona-treated beetles. Beetles treated
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with dsRNA-GFP that had been diluted in distilled water 24-hours before treatment resulted in
significantly higher average per beetle feeding rates six to nine days post initial exposure (Figure
4.17B).
Discussion
The results of this study reinforced our understanding that RNA interference (RNAi)
sensitivity varies significantly between geographically distinct populations of Colorado potato
beetle. A similar study performed with European populations of Colorado potato beetle also
demonstrated significant differences in their response to foliar dsRNA (Mehlhorn et al. 2020).
Both studies demonstrated that, while there was significant variation in mortality among
geographically distinct potato beetle populations, the differences are usually slight. However, the
present study demonstrated that relatively high resistance to RNAi can exist in Colorado potato
beetle populations, as was shown by the beetles collected from upstate New York.
Differences among beetle populations existed even in the absence of ledprona. There was
a slight, but significant, variation in control mortality, usually appearing five days after the
bioassay began. There were also differences in foliage consumption. These results were
consistent across both years and with the findings by Chen et al. (2014), who reported
geographic variation in several fitness parameters of the Colorado potato beetle that they
measured in the laboratory. Moreover, Baker et al. (2014) also found different rates of
cannibalism in different Colorado potato beetle populations. However, differences among
populations feeding on the foliage treated with ledprona in the present study remained when
treatment mortality was corrected for control mortality using Abbott’s formula, and when foliage
consumption was adjusted for the number of surviving beetles. Therefore, they could not be
attributed to background variation recorded for the populations fed on untreated foliage.
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The Colorado potato beetle population received from upstate New York was relatively
resistant to ledprona during both the 2020 and 2021 bioassays. The difference in ledprona
susceptibility was exacerbated during the 2021 bioassay wherein the beetles responded more
strongly to the concentrations of ledprona used. New York beetles exposed to the moderate
concentration of ledprona in 2020 and the high concentration of ledprona in 2021 experienced,
on average, 25% mortality and 50% mortality respectively. All other beetle populations
experienced significantly higher corrected mortality over the nine-day bioassay when exposed to
the same concentrations. Insecticide resistance is known to vary between geographically and
genetically distinct populations of Colorado potato beetle (Alyokhin et al. 2013b, Klein et al.
2021). The same situation exists for other insects. For example, Main et al. (2018) demonstrated
that genetic variation, especially the expression of P450 genes, was responsible for variation in
insecticide resistance in Anopheles coluzzii Coetzee & Wilkerson. Additionally, Soleño et al.
(2012) demonstrated that the median lethal dose of an organophosphate to Cydia pomonella (L.)
was significantly affected by esterase and cytochrome P450 expression.
New York beetles also exhibited lower mortality and consumed more foliage than several
populations in the absence of ledprona, which may have partially contributed to its lower
susceptibility to RNAi. While uncommon, insecticide resistance through superior general fitness
is known to exist. Groden and Casagrande (1996) selected a Colorado potato beetle strain
adapted to an unfavorable wild host Solanum berthaultii that laid 1.7 times more eggs compared
to the unselected strain when fed on cultivated S. tuberosum. Although fecundity of the selected
strain was reduced on S. berthaultii, it was still not significantly different from that of the
unselected strain on S. tuberosum. However, as discussed above, somewhat elevated fitness
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observed for New York beetles in the present study was not the only reason for the lower
susceptibility to ledprona.
Excluding the lethal response of beetles from New York, there was only slight variation
between the other populations tested in this study across both years. Exposure to the high
concentrations of ledprona in 2021 was very lethal for beetles from the four assessed
populations. Exposure to the lower concentration used in the same year resulted in near complete
mortality after nine days in beetles from Minnesota and Virginia, but not from in beetles from
Presque Isle and Oregon. It is possible that beetles from Minnesota and Virginia are more
susceptible to ledprona. These populations were only assessed in 2021, having replaced the
Washington and Wisconsin populations in the assay. While not as tolerant as beetles from New
York, the Oregon population did appear to be somewhat less susceptible to low and moderate
concentrations of ledprona in both 2020 and 2021. Full variable dose bioassays are needed for
each population to fully understand how geographically distinct beetle populations differ in their
susceptibility to ledprona.
The trends in leaf consumption generally followed the trends in mortality, with a decrease
in feeding preceding an increase in mortality. However, beetles from Oregon and Presque Isle
experienced similar mortality when exposed to the low concentration of ledprona in 2021, but
their per beetle feeding rates were very different. Towards the end of the 2021 bioassay, the per
beetle feeding rate of the Oregon control and low concentration of ledprona-treated beetles did
not significantly differ. Additionally, there was no significant difference in the per beetle feeding
rate of New York and Oregon beetles exposed to the low concentration of ledprona, despite their
significantly different lethal response to the same treatment. Similar trends were also observed in
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2020 wherein Oregon and New York beetles exposed to the moderate concentration of ledprona
had similar per beetle feeding rates but significantly different corrected mortality.
It is possible that variation in susceptibility between populations of Colorado potato
beetle manifest in physiologically distinct ways for mortality and leaf consumption. In other
words, in some populations intoxicated beetles may be more likely to continue feeding than in
other populations. From this, it is also possible that other sublethal responses to RNAi may also
vary in unique ways across geographically distinct populations. An examination of geographic
variation in RNAi performed with the migratory locust, Locusta migratoria (L.), demonstrated
that there were significant differences in RNAi susceptibility among locust populations with
distinct phylogenetic origins (Sugahara et al. 2017). It is possible that the migratory history and
phylogenetic origin of potato beetle populations may influence insecticide resistance and
susceptibility to RNAi. A better understanding on gene flow and genetic variation in Colorado
potato beetles may result in a more complete understanding of how genetic variation impacts
RNAi susceptibility.
Variation in water chemistry that was only measured in 2021 had a relatively small effect
on leaf consumption. The water sample used to dilute ledprona had no effect on total leaf
consumption. When the dilution was made 24-hours in advance, there was variation in the per
beetle feeding rate of beetles given ledprona diluted in WS1 and WS6. Overall, ledprona
drastically reduced the total feeding and the per beetle feeding rate of intoxicated larvae with
little to no variation regardless of when the dilutions were made. The significant difference
detected between WS1 and WS6 requires additional experimentation to determine how these
water samples chemically differed and how that difference resulted in variable per beetle feeding
rate in a previously prepared dilution of ledprona.
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Variation in water chemistry introduced significant variation in the lethal response of
beetles to several concentrations of ledprona. This is not surprising because pesticide degradation
in water under the influence of a variety of biotic and abiotic factors is a well-known
phenomenon (Fenner et al. 2013). The beetles used in 2020 were less responsive to ledprona than
in 2021, similar to the trend observed in the geographic variation results. Additionally, exposure
to a high concentration of ledprona in 2021 remained highly lethal whether the solution was
made immediately or 24-hours before treatment. In 2020, the high concentration of ledprona
diluted in WS5 resulted in significantly higher corrected mortality than when the insecticide was
diluted in the other water samples. This trend was not observed when beetles were exposed to the
low concentration of ledprona used in 2020 or the higher concentration used in 2021.
Variation in water chemistry may broadly affect the lethality of ledprona, but also
influence the dose response curves of beetles treated with ledprona in different water samples.
Only three concentrations of ledprona were used across the two years (2.37×10-7, 1.29×10-4, and
6.62×10-1 g/L) and it is possible that the chemistry of water sample five could affect the dose
response curve. However, variable dose bioassays are required to definitively conclude how
water chemistry might impact the dose response curve of second instars to ledprona. Doublestranded RNA is relatively stable and provides protection from Colorado potato beetles in the
greenhouse (San Miguel and Scott 2016) and field (Pallis Chapter 2). Examination of dsRNA
degradation in natural water systems demonstrated dsRNA molecules are rapidly broken down
after 24 hours (Fischer et al. 2017). Fischer et al. (2017) also found that aquatic degradation of
dsRNA molecules coincided with microbial growth, especially that of Bacillus species.
However, exposure to solutions of ledprona prepared 24-hours in advance appeared to result in
slightly higher mortality than exposure to solutions made immediately before treatment. Fischer
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et al. (2017) did demonstrate that there is a lag time of around 24 hours before double-stranded
RNA is degraded in natural water systems. More exhaustive experiments are required to
determine what happens to dsRNA within its first 24 hours in an aqueous solution. Additionally,
it is possible that differences in microbial load contributed to variation in mortality when
ledprona was diluted in different water samples.
Another interesting result from the 2021 water chemistry experiment is the effect of
dilution age on the consumptive and lethal effects of the non-specific dsRNA control (dsRNAGFP). When it was diluted immediately before treatment, its effects on leaf consumption and
mortality did not differ from that of the distilled water control. However, when the dilution of
dsRNA-GFP was made 24-hours prior to treatment, the treated beetles experienced slightly, but
significantly higher corrected mortality than beetles given the distilled water control. The results
presented in chapter three demonstrated that a low concentration of dsRNA-GFP significantly
reduced reproduction in adult Colorado potato beetles. This dsRNA interferes with the
production of a green fluorescent protein that is not known to be present in Colorado potato
beetles. Double-stranded RNA derived from GFP has been used as a negative control in RNAi
experiments on Colorado potato beetles (San Miguel and Scott 2016, Mehlhorn et al. 2020) and
is commonly used in similar experiments in Apis mellifera L. (Nunes et al. 2013). Nunes et al.
(2013) demonstrated that, despite the common use of GFP-derived dsRNA, exposure of A.
mellifera had significant effects on gene expression, including effects on hormone metabolism.
The effect on mortality presented in this study and the effect on reproduction presented in
chapter three were both unexpected but demonstrate the need for a more complete understanding
of the mechanisms involved in RNAi.
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Overall, there was slight but significant variation in the effects of ledprona between
geographically distinct populations of Colorado potato beetle. Water chemistry has similar
effects of the lethality of ledprona, but not on the foliage consumption. The high concentration of
ledprona prepared 24-hours in advance did not result in reduced mortality. This is important for
growers who might prepare a tank of ledprona for foliar application but then are forced to
postpone spraying for 24-hours by inclement weather.
The population of beetles from New York displayed relatively high tolerance to ledprona
across two years of laboratory studies. However, New York beetles still experienced decreased
feeding and increased mortality compared to their control. Excluding the New York population,
ledprona remained a highly effective insecticide for controlling geographically distinct second
instar Colorado potato beetles. Ledprona also remained effective following its dilution in all
assessed water chemistries. The slight but significant variation in ledprona efficacy among beetle
populations and varying water chemistries displays the importance of monitoring insecticide
resistance locally. It is possible that both genetic variation among beetle populations and
variation in water chemistry could affect the rate at which resistance develops.
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CHAPTER 5
CONCLUDING REMARKS
The Colorado potato beetle is one of the most destructive pests of the potato. Over the
past 150 years, this insect pest has become globally distributed and have developed some level of
resistance to virtually all chemical insecticides. Recently, RNAi has been proposed a method of
controlling populations of Colorado potato beetles. Seeing the potential of this technology in pest
control, GreenLight Biosciences developed a dsRNA-based insecticide (ledprona) that targets
synthesis of the proteasome subunit beta 5 (dsPSMB5). Variable dose bioassays in the laboratory
demonstrated that ledprona is a potent but slow-acting active ingredient. Exposure to ledprona
reduced feeding and increased beetle mortality in all active life stages. When applied in the field,
Ledprona performed similarly to industry standards by reducing the abundance of destructive
late instar larvae, preventing economically serious amounts of defoliation, and protecting tuber
yield. Overall, our laboratory and field experiments demonstrated that ledprona has the potential
to become a useful tool in managing Colorado potato beetles.
Exposure to ledprona resulted in significant sublethal effects on late instar and adult
Colorado potato beetles. Fourth instars that were exposed to a low concentration of ledprona
experienced a significantly reduced rate of successful pupation and emergence than larvae
exposed to non-specific dsRNA control. Additionally, adult potato beetles exhibited reduced
mobility seven days after exposure to ledprona. Furthermore, exposure to ledprona, especially
when adults were newly emerged and sexually immature, resulted in significantly reduced
reproductive output. While ledprona may not kill beetles as quickly as industry standards like
spinosad and chlorantraniliprole, its field efficacy will likely be enhanced by its ability to reduce
the number of successfully emerging adults, reducing the movement of adults within and
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between fields, and reducing the reproductive output of intoxicated individuals. The results
within chapter three also demonstrated that dsRNA-GFP, while thought to be a non-specific
dsRNA for Colorado potato beetles, may have unexpected effects on their physiology.
This body of work also demonstrated the ledprona efficacy significantly varies among
geographically distinct populations. As discussed in chapter four, these differences were often
slight but significant. However, the relatively high resistance of New York beetles to ledprona
demonstrated the need for ledprona efficacy and resistance management to be assessed locally.
Ledprona efficacy also significantly varied with water chemistry and dilution age. While
ledprona remained effective in all dilutions, the slight variation detected emphasized the
importance of monitoring resistance locally. We also detected an effect of dilution age of
dsRNA-GFP wherein dilutions made 24-hours in advance increased foliage consumption and
mortality. This result was unexpected, and it is possible that statistical significance was spurious.
However, it still demonstrated the need to understand the possible effects of non-specific dsRNA
controls more fully.
While the importance of developing novel insecticides cannot be overlooked, these new
control methods will only remain viable if they are integrated into dynamic pest management
protocols. No single management technique will provide meaningful and long-term control for
the Colorado potato beetle because of its flexible life history, bet-hedging reproductive strategy,
and ability to develop insecticide resistance. Currently, many growers rely on the repeated
application of several insecticides to manage this pest, often forgoing cultural and biological
controls. This type of management will only remain viable as long as we continue to develop
insecticides with novel modes of action.
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